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Abstract
We propose an anomaly free unified scenario by invocation of an extra local U(1)Lµ−Lτ gauge sym-
metry. This scenario simultaneously resolves the RK(∗) anomalies, the dark matter puzzle and the
long-standing discrepancy in muon’s anomalous magnetic moment. A complex scalar (η) having
nonzero Lµ − Lτ charge has been introduced to break this new U(1) symmetry spontaneously. More-
over, for the purpose of studying dark matter phenomenology and RK(∗) anomalies in a correlated
manner, we introduce an inert SU(2)L scalar doublet (Φ), a Z2-odd real singlet scalar (S) and a Z2-
odd coloured fermion (χ) which transforms vectorially under the U(1)Lµ−Lτ symmetry. This extra
gauge symmetry provides a new gauge boson Zµτ which not only gives additional contribution to
both b→ s`` transition and (g − 2)µ but also provides a crucial annihilation channel for dark matter
candidate ρ1 of the present scenario. This ρ1 is an admixture of CP-even neutral component of Φ and
S. Our analysis shows that the low mass dark matter regime (Mρ1 <∼ 60 GeV) is still allowed by the
experiments like XENON1T, LHC (via Higgs invisible branching) and Fermi-LAT, making the dark
matter phenomenology drastically different from the standard Inert Doublet and the Scalar Singlet
models. Furthermore, the present model is also fairly consistent with the observed branching ratio
of B → Xsγ in 3σ range and is quite capable of explaining neutrino masses and mixings via Type-I
seesaw mechanism if we add three right handed neutrinos in the particle spectrum. Finally, we use
the latest ATLAS data of non-observation of a resonant `+`− signal at the 13 TeV LHC to constrain
the mass-coupling plane of Zµτ .
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I. INTRODUCTION
With the discovery of the missing piece, the Higgs boson at the Large Hadron Collider (LHC) [1,
2] at CERN the Standard Model (SM) of particle physics has been turned into a complete
theory. From the last several decades it has been a well known fact that most of the theoretical
predictions of this theory are in good agreement with various experimental results. However, at
the same time, different experimental results in various directions compelling us to formulate
physics beyond the SM (BSM). For example, dark matter relic density has been measured with
a great precision from the temperature and polarization anisotropies of the cosmic microwave
background (CMB) radiation by experiments like WMAP [3] and Planck [4]. On top of that
various indirect evidence such as rotation curve [5], gravitational lensing of distant objects [6],
collision between galaxy clusters (such as Bullet cluster [7] etc.) etc. have strongly support for
the existence of dark matter. However, in the SM there is no such candidate for dark matter.
On the other hand neutrino oscillation experiments [8–11] firmly established massive nature of
at least two neutrinos and have accurately measured three intergenerational mixing angles, both
of which are missing in the SM due to non-existence of the right handed counterparts of left
handed neutrinos. Besides, the CP-violation in the quark sector is not at all sufficient to explain
the observed baryon asymmetry of the Universe [12]. Furthermore, there is an enduring ∼ 3.5σ
discrepancy [12] between experimentally measured value of the anomalous magnetic moment of
muon [(g− 2)µ] and its SM predictions, which strongly indicates the presence of a new physics
(NP) beyond the SM.
Apart from the above mentioned facts, over the last few years different flavour physics ex-
periments like LHCb, Belle and Babar have been consistently shown that experimental data
for different observables are in significant disagreement with respect to the corresponding SM
predictions. Indeed this situation demands the invocation of NP effects. Recently the LHCb
collaboration has reported additional hints for violation of Lepton Flavour Universality (LFU)
between b → sµ+µ− and b → se+e− processes. The LFU violation1 (LFUV) can be measured
with the help of following observables RK and RK∗
RK(∗) =
Br
(
B → K(∗)µ+µ−)
Br (B → K(∗)e+e−) . (1)
Summary of the corresponding experimental results with their SM predictions for different
di-lepton invariant mass squared (q2) ranges are given in Table I.
1 Evidences of LFUV via charge current semileptonic b → c`ν transition processes have also been observed.
For example experimental results show significant deviations for observables RD(∗) [13] and RJ/ψ [14] from
the corresponding SM predictions.
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Observable SM prediction Measurement Deviations
RK : q
2 = [1.1, 6] GeV2 1.00± 0.01 [15, 16] 0.846+0.060+0.016−0.054−0.014 [17] 2.5σ
RlowK∗ : q
2 = [0.045, 1.1] GeV2 0.92± 0.02 [18] 0.660+0.110−0.070 ± 0.024 [19] 2.1σ − 2.3σ
RcentralK∗ : q
2 = [1.1, 6] GeV2 1.00± 0.01 [15, 16] 0.685+0.113−0.069 ± 0.047 [19] 2.4σ − 2.5σ
Table I: The experimental values of the observables along with their SM predictions for different ranges
of q2.
Deviations from the SM predictions shown in the Table I2 can be resolved by invoking additional
NP contributions to some of the Wilson Coefficients (WCs) which are involved in the effective
Hamiltonian for b → s`` (` ≡ charged lepton, i.e., electron (e) and muon (µ)) transition.
Furthermore, if these anomalies are associated with other observables for the rare processes
b→ sµµ transitions, then it has been observed that a NP scenario with additional contribution
to the WC Cµ9 (but not in C
e
9 ) is more acceptable. The operator corresponding to the WC C
`
9 is
O9 ≡ e216pi2 (s¯γαPLb)(¯`γα`). From the Table I, it is readily evident that NP interfere destructively
with the SM, which ensures the sign of CNP,µ9 is negative. The best-fit value of C
NP,µ
9 is ≈ −1
[15, 18, 21–27]. Moreover, NP scenario with CNP,µ9 = −CNP,µ10 (where the WC C`10 is associated
with the operator O10 ≡ e216pi2 (s¯γαPLb)(¯`γαγ5`)) is also a very appealing from the model building
point of view [15, 18, 23–27]. Inspired by these results, several BSM scenarios using extra non-
standard Z-boson [28–53] and leptoquark [22, 44, 54–76] have been demonstrated the viable
interpretation of the anomalies.
In this article, we ameliorate some of these problems in a correlated manner within a single
framework by introducing an extra local U(1)Lµ−Lτ symmetry to the SM gauge symmetry, where
Lµ and Lτ indicate lepton numbers for the second and third generations of charged leptons and
their corresponding neutrinos. Apart from being an anomaly free gauged U(1) extension, the
Lµ − Lτ symmetry naturally violets the LFU between e and µ because the Lµ − Lτ charge of
leptons are such that the corresponding new non-standard gauge boson couples only to µ(τ) but
not to e. This scenario was originally formulated by Volkas et. al. [77, 78]. Thereafter, several
variants of U(1)Lµ−Lτ model have been studied in the context of different phenomenological
purposes: e.g., contribution of the U(1)Lµ−Lτ gauge boson to explain the (g−2)µ anomaly [79–
86], dark matter phenomenology [84, 85, 87–91], generation of neutrino masses and mixing
parameters [79, 84, 86, 92–95] etc.
For the purpose of explaining b→ sµ+µ− anomaly, this type of U(1)Lµ−Lτ model has also been
modified from its minimal version, albeit in a different approach [31, 43, 50, 51, 96–101]. In the
present article, we introduce a Z2-odd bottom quark like non-standard fermion field χ which is
vectorial in nature under the U(1)Lµ−Lτ symmetry. It couples to all generations of the down-
2 For RK∗ , new preliminary measurements have been given by Belle [20] for two q
2 ranges. For q2 ∈ [0.1, 8] GeV2
the value of RK∗ is 0.90
+0.27
−0.21 ± 0.10 while for q2 ∈ [15, 19] GeV2 the corresponding value is 1.18+0.52−0.32 ± 0.10.
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type SM quarks via Yukawa like interaction involving a Z2-odd scalar doublet Φ. Moreover,
we introduce a Z2-odd singlet scalar S which helps us to explain the flavour anomaly, dark
matter and (g − 2)µ anomaly simultaneously. A Z2-even complex scalar singlet field η with a
nonzero Lµ−Lτ charge has been introduced for the purpose of breaking of U(1)Lµ−Lτ symmetry
spontaneously. Apart from these fields we have the usual Higgs doublet field H which breaks the
SU(2)L×U(1)Y symmetry. Therefore, in the broken phase of both electroweak (SU(2)L×U(1)Y )
and U(1)Lµ−Lτ symmetries, we have three physical Z2-odd neutral scalars emerge from the
mixing between Φ and S. The lightest field among the three physical Z2-odd neutral scalars
can be considered as a potentially viable dark matter candidate. This is an admixture of both
doublet and singlet scalar representations and have distinct phenomenology compared to the
standard Inert Doublet [102–104] and the Scalar Singlet models [105–108], where the low mass
dark matter regime is almost ruled by the latest bound on spin independent scattering cross
section from XENON1T [109] as well as by the upper limit on Higgs invisible branching fraction
from LHC [110]. This is mainly due to the fact that in these models in the low mass regime
(MDM ≤ 62.5 GeV), dark matter candidate predominantly annihilates into bb¯ final state.
On the contrary, in the present scenario, the dark matter candidate in the low mass regime
can annihilate into a pair of Lµ − Lτ gauge boson Zµτ and the branching fraction of this
annihilation channel is controlled by dark sector mixing angle θD. This actually makes the
dark matter freeze-out process extremely correlated with the flavour physics anomalies and
(g − 2)µ anomaly, where an O(MeV) light Zµτ plays a pivotal role. Since, Zµτ does not have
direct couplings to the first generation leptons and quarks, constraints from the LEP and more
recently from the LHC on the gZµτ − MZµτ plane are relatively relaxed. Particularly, light
gauge boson with MZµτ <∼ 100 MeV and also with moderate gauge coupling gZµτ <∼ 10−3 is
still allowed from the experiments measuring neutrino trident processes namely CCFR [111]
CHARM-II [112]. Moreover, apart from (g − 2)µ anomaly and flavour physics related issues,
such a light gauge boson has excellent cosmological implication. The reason is that it can relax
the ∼ 3σ tension between the measurements of Hubble constant (H0) from two different epochs3
by providing extra contribution to the radiation energy density (∆Neff ∼ 0.2−0.5) through the
alteration of neutrino decoupling temperature [114]. In the present scenario the non-standard
neutral gauge boson Zµτ emerge from all three neutral gauge bosons associated with SU(2)L,
U(1)Y and U(1)Lµ−Lτ gauge groups by diagonalising a 3 × 3 mixing matrix. The additional
contribution to the anomalous magnetic moment of muon comes from an effective µ+µ−γ vertex
which has been generated from one loop penguin diagram involving Zµτ . Moreover, we also
have one loop contribution from a diagram involving other BSM scalar (an orthogonal state of
the SM-like Higgs boson arises from the mixing between H and η in the broken phase of the
theory). However, its effect on (g − 2)µ is negligibly small.
To this end, we would like to mention another novel signature of the present scenario. The
3 At two different redshifts (z), one is from the CMB experiment Planck [4] at high z while another one is from
the local measurement using Hubble Space Telescope [113] at low z.
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correlation between dark sector and flavour physics sector is not only due to Lµ − Lτ gauge
boson but also due to all the Z2-odd neutral particles (including dark matter candidate of the
present scenario) along with the coloured Z2-odd fermion χ generate non-standard one loop
contributions to produce b→ sµ+µ− transition. In the present scenario, one can produce non-
standard contributions to both the WCs Cµ9 and C
µ
10 respectively, however, the contribution of
the latter is insignificant and hence our analysis will be furnished with CNP,µ9 only. The NP
contribution to Cµ9 is obtained from non-standard penguin and self-energy diagrams and there
is no further NP contribution from box-diagram at one loop level. Moreover, we consider the
constraint from the branching ratio of another flavour changing neutral current (FCNC) process
B → Xsγ. Hence, we have computed the branching ratio of this decay in the present scenario.
Further, neutrino masses and mixings can easily be addressed in these class of Lµ−Lτ models
via Type-I seesaw mechanism by adding three right handed neutrinos, which are singlet under
the SM gauge groups and two of them have equal and opposite Lµ − Lτ charges for anomaly
cancellation. Since a detailed analysis on neutrino masses and mixings in the present scenario
is beyond the scope of this article, hence for the sake of completeness, we just have added three
right handed neutrinos in the Lagrangian and find the Majorana mass matrix for the light
neutrinos. A more comprehensive analysis on diagonalisation of the light neutrino mass matrix
and thereby finding the mass eigenvalues and mixing angles in the Lµ−Lτ scenario has already
been done in [84].
Finally, in order to impose the constraints on the parameter space of the present scenario from
the LHC experiment, we use the latest ATLAS data [115] of non-observation of a resonant
`+`− signal at the LHC running at 13 TeV for the high mass range of Zµτ . Hence, we will
estimate the cross section for the process pp→ Zµτ → `+`− at the 13 TeV LHC in the present
scenario. Consequently, it will be an interesting part of this exercise that, how the LHC data
can constrain the values of non-standard gauge coupling constant as well as the Z−Zµτ mixing
angle.
The article is organised as follows. In Sec. II we introduce the model with possible field content
and interactions as well as we set our notations. Then in Sec. III, we show the calculational
details of flavour physics observables and after that we will discuss (g − 2)µ anomaly in Sec.
IV. In Sec. V, we show the viability of our dark matter candidate of the present scenario
considering all possible bounds from ongoing experiments and explain how can we correlate the
dark matter with the flavour physics anomalies. We briefly discuss neutrino mass generation
via Type-I seesaw mechanism in Sec. VI. Sec. VII deals with constraint that are obtained
from non-observation of a resonant `+`− signal at the LHC running at 13 TeV. Finally, we
summarize our results and conclude in Sec. VIII.
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II. THE U(1)Lµ−Lτ MODEL
In order to facilitate our motivations (discussed in Section I), we propose an anomaly free
U(1)Lµ−Lτ gauge extension of the SM. This scenario is free from mixed gauge-gravitational
and axial vector gauge anomalies because these anomalies cancel between second and third
generations of charged leptons and their corresponding neutrinos due to their equal and opposite
Lµ − Lτ charges. The Lagrangian which remains invariant under the SU(3)C×SU(2)L×U(1)Y ×
U(1)Lµ−Lτ × Z2 symmetry is given by,
L = LSM + LN + Lχ + (Dαη)†(Dαη) + (DαΦ)†(DαΦ) + 1
2
∂αS∂
αS (2)
− 1
4
BˆαβBˆ
αβ − 1
4
XˆαβXˆ
αβ +

2
XˆαβBˆ
αβ − V (H, η,Φ, S) ,
where
Bˆαβ = ∂αBˆβ − ∂βBˆα and Xˆαβ = ∂αXˆβ − ∂βXˆα , (3)
are field strength tensors for the two U(1) gauge fields4 Bˆα and Xˆα respectively while the
Lorentz indices α, β ≡ 0, 1 . . . 3. The term contains both field strength tensors is the kinetic
mixing term between Bˆα and Xˆα, which is not forbidden by any of the symmetries of the present
model. Full list of particle contents and their quantum numbers under various symmetry groups
are given in Table II.
Gauge groups Fermion fields Scalar fields
Quark fields Lepton fields
QLi uRi dRi LLe LLµ LLτ eR µR τR NeR NµR NτR χ H η Φ S
SU(3)C 3 3 3 1 1 1 1 1 1 1 1 1 3 1 1 1 1
SU(2)L 2 1 1 2 2 2 1 1 1 1 1 1 1 2 1 2 1
U(1)Y
1
6
2
3 -
1
3
1
2
1
2
1
2 -1 -1 -1 0 0 0 -
1
3
1
2 0
1
2 0
U(1)Lµ−Lτ 0 0 0 0 1 -1 0 1 -1 0 1 -1 -1 0 -1 1 0
Z2 symmetry + + + + + + + + + + + + - + + - -
Table II: Gauge quantum numbers and Z2 parity of different SM and BSM particles.
As has been discussed in earlier that the Lµ−Lτ extension of the SM is anomaly free, however,
for the purpose of neutrino mass generation via Type-I seesaw mechanism we invoke three SM
gauge singlet right handed neutrinos (NRi) having nonzero Lµ−Lτ charge in such a manner so
that their inclusion does not introduce any further anomaly. The Lagrangian of right handed
4 We are denoting the basis of gauge fields having off-diagonal kinetic term by using a hat notation.
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neutrinos is denoted by LN which contains kinetic energy terms, mass terms and Yukawa terms
associated with the SM lepton doublets (LLi) allowed by the symmetries of the present model.
LN =
∑
j=e, µ, τ
i
2
N jRγ
αDαN
j
R −
1
2
Mee (N eR)
cN eR −
Mµτ
2
((NµR)
cN τR + (N
τ
R)
cNµR)
−yeµ
2
((N eR)
cNµR + (N
µ
R)
cN eR) η −
yeτ
2
((N eR)
cN τR + (N
τ
R)
cN eR) η
∗
−
∑
i=e, µ, τ
yi LiLH˜N
i
R + h.c. , (4)
where H˜ = i σ2H
∗. Mee, Mµτ are the bare mass parameters while yeµ, yeτ and yi are the
dimensionless Yukawa couplings. In order to generate b → s transition at one loop level
involving Z2-odd scalars a non-standard SU(2)L singlet fermionic field χ with a colour charge
has been introduced in this scenario. This fermion is also Z2-odd and has an electric charge
identical to SM down-type quarks. Furthermore, both left and right chiral parts of χ field
have same Lµ − Lτ charge making it a vector like fermion under U(1)Lµ−Lτ symmetry. The
Lagrangian of this field is given by
Lχ = i χ¯γαDαχ−Mχχ¯χ−
(
3∑
j=1
fj QLj ΦχR + h.c.
)
, (5)
where Mχ is the bare mass parameter for the χ field and fjs are couplings of the Yukawa type
interactions among the SM quark doublets (QLj), Z2-odd scalar doublet Φ and the right chiral
part of χ. The above Yukawa type interactions terms involving s and b quarks have significant
roles in b → s transition and hence in the explanation of RK(∗) anomalies. The covariant
derivative Dα for the field χ is defined as
Dαχ ≡
(
∂α − ig1 1
3
Bˆα + igZµτnχXˆα + ig3
Λa
2
Gaα
)
χ , (6)
where g1, gZµτ and g3 are the U(1)Y , U(1)Lµ−Lτ and SU(3)C gauge coupling constants respec-
tively. nχ is the Lµ − Lτ charge of χ. Further, Λas (a = 1, 2 . . . 8) are the eight Gell-Mann
matrices representing the generators for SU(3)C while the corresponding gauge fields are de-
noted by Gaα. The 4
th, 5th and 6th terms of the Eq. (2) represent the kinetic terms for all the
non-standard scalar representations (η, Φ and S) introduced in the present model for specific
purposes. Particularly, the complex singlet (under the SM gauge group) scalar η is necessary to
break the U(1)Lµ−Lτ symmetry spontaneously as it is the only scalar field which has not only
a U(1)Lµ−Lτ charge but also has a nonzero vacuum expectation value (VEV) v2. Consequently,
after Lµ − Lτ symmetry breaking one obtains a massive non-standard neutral gauge boson. It
has played crucial roles in different aspects: e.g., (g − 2)µ anomaly explanation, amelioration
of the anomalies that are related to b→ sµµ transition and most importantly it provides new
annihilation channels for the dark matter candidate, which alters its dynamics from the stan-
dard case. Moreover, a Z2-odd SU(2)L scalar doublet Φ having both U(1)Y and U(1)Lµ−Lτ
charges which are required to get the NP contribution to b → s transition via the Yukawa
7
like interaction given in Eq. (5). Although, one of the neutral components of Φ (lightest one)
is stable, but for the simultaneous explanation of the dark matter enigma, (g − 2)µ anomaly
and RK(∗) anomalies we include another real singlet scalar field S which is also odd under Z2
symmetry. Covariant derivatives for the scalar fields η and Φ are given as follows
Dαη ≡
(
∂α + igZµτnηXˆα
)
η , (7)
DαΦ ≡
(
∂α + ig1
1
2
Bˆα + igZµτnΦXˆα + ig2
σa
2
W aα
)
Φ , (8)
where σa are the three Pauli’s spin matrices with a runs from 1 to 3. nX denotes the Lµ − Lτ
charge of the corresponding scalar fields X = Φ, η. Further, g2 is the SU(2)L gauge coupling
constant and W aαs are the corresponding gauge bosons.
Finally, the scalar potential V (H, η, Φ, S) in Eq. (2) contains those interactions terms among
the scalar fields which remain invariant under all the symmetries of the present model, has the
following form,
V (H, η,Φ, S) = −m2H(H†H)−m2η(η†η) +m2Φ(Φ†Φ) +
m2S
2
S2 (9)
+ λH(H
†H)2 + λη(η†η)2 + λΦ(Φ†Φ)2 +
λS
4
S4
+ λ1(H
†H)(η†η) + λ2(H†H)(Φ†Φ) + λ3(H†Φ)(Φ†H)
+ λ4(Φ
†Φ)(η†η) + λ5(Φ†Φ)S2 + λ6(η†η)S2 + λ7(H†H)S2
+
[
λ8(H
†Φ)Sη + h.c.
]
,
where mH , mη, mΦ and mS are real parameters having dimension of mass and λis (i =
H, η, S, 1, 2 . . . 7) are dimension less, real quartic coupling constants because the corresponding
operators are self-conjugate in nature. However, the quartic coupling λ8 can in general be a
complex parameter and thus can act as an extra source of CP-violation. Since in this work
we are not studying any CP-violating effects, we have taken λ8 as a real parameter and this
assumption will not alter our conclusions. Although, the term proportional to λ8 has important
significance in this model as it generates mixing between Φ and S. Later we will discuss more
elaborately on this issue. The component wise structure of the scalar fields are given in the
following
H =
 h+h1 + v1 + iz1√
2
 , η = (h2 + v2 + iz2√
2
)
, Φ =
 φ+φ0 + a0√
2
 , (10)
where v1 and v2 are the VEVs of the scalar fields
5 H and η respectively. After breaking of both
electroweak and Lµ − Lτ symmetries by the respective VEVs v1 and v2, one can have mixing
5 H and η are even under Z2 symmetry and hence Z2 remains unbroken.
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between the real components h1 and h2 due to the presence of an interaction term proportional
to λ1 in V (H, η,Φ, S). The mixing matrix in the basis
1√
2
(h1 h2)
T has the following form,
M2scalar =
 2λHv21 λ1v1v2
λ1v1v2 2ληv
2
2
 . (11)
Diagonalising the mass squared matrix by an orthogonal transformation, we obtain two physical
CP-even neutral scalars H1 which has been considered as SM like Higgs of mass 125.5 GeV and
H2. These fields are also even under Z2 symmetry similarly as h1 and h2. The physical states
H1 and H2 are related with previous states h1 and h2 by the following relation,(
H1
H2
)
=
(
cos θs − sin θs
sin θs cos θs
)(
h1
h2
)
, (12)
where θs is the mixing angle which can be expressed as,
θs =
1
2
tan−1
 λ1λη v1v2
1− λH
λη
v21
v22
 . (13)
Mass eigenvalues corresponding to the physical scalars H1 and H2 are given by,
MH1 =
√
λHv21 + ληv
2
2 +
√
(λHv21 − ληv22)2 + (λ1v1v2)2 , (14)
MH2 =
√
λHv21 + ληv
2
2 −
√
(λHv21 − ληv22)2 + (λ1v1v2)2 . (15)
Furthermore, similar to the Z2-even sector, the Z2-odd sector also exhibits mass mixing between
φ0 and S. This also happens when both H and η get nonzero VEVs and in this case the term
proportional to λ8 in V (H, η,Φ, S) is solely responsible for such mixing. Therefore, the Z2-odd
real singlet scalar S mixes with CP-even component φ0 of the Z2-odd doublet Φ. However, as
there is no spontaneous CP-violation, the CP-odd component a0 remains decoupled from the
CP-even fields and with respect to the basis 1√
2
(S φ0 a0)T , the 3× 3 odd-sector mixing matrix
has a block diagonal form,
M2DM =
 (m
2
S + v
2
1λ7 + v
2
2λ6)
v1v2λ8√
2
0
v1v2λ8√
2
1
2
{2m2Φ + v21(λ2 + λ3) + v22λ4} 0
0 0 1
2
{2m2Φ + v21(λ2 + λ3) + v22λ4}
 .
(16)
One can easily diagonalise this matrix using an orthogonal transformation by an angle θD
between S and φ0. Therefore, after diagonalisation we have three physical states ρ1, ρ1 and ρ3,
where ρ1 and ρ2 are orthogonal linear combinations of S and φ
0 while the remaining physical
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scalar ρ3 exactly coincides with a
0. In matrix notation, the basis transformation can be shown
as  ρ1ρ2
ρ3
 =
 cos θD − sin θD 0sin θD cos θD 0
0 0 1

 Sφ0
a0
 , (17)
where the mixing angle θD can be expressed in terms of parameters of the Lagrangian as,
θD =
1
2
tan−1
(
2
√
2v1v2λ8
2m2Φ − 2m2S + v21(λ2 + λ3 − 2λ7) + v22(λ4 − 2λ6)
)
. (18)
Among the three states (ρ1, ρ1 and ρ3), we choose ρ1 as the lightest odd particle (LOP) which is
regarded as the stable dark matter candidate in this scenario. Thus, the dark matter candidate
in this scenario is an admixture of singlet and doublet states. The expressions for the masses
of these Z2-odd scalar fields are given below
Mρ1 =
√
(m2S + v
2
1λ7 + v
2
2λ6) cos
2 θD −
√
2v1v2λ8 cos θD sin θD +M2ρ3 sin
2 θD , (19)
Mρ2 =
√
(m2S + v
2
1λ7 + v
2
2λ6) sin
2 θD +
√
2v1v2λ8 cos θD sin θD +M2ρ3 cos
2 θD , (20)
where
Mρ3 =
√
m2Φ +
1
2
[v21(λ2 + λ3) + v
2
2λ4] . (21)
Further using Eqs. (19-21), one can establish a relation between Mρ1 , Mρ2 , Mρ3 and θD, which
has the following form
M2ρ3 = M
2
ρ1
sin2 θD +M
2
ρ2
cos2 θD . (22)
Therefore, the mass of the CP-odd scalar ρ3 is not an independent quantity in the present
scenario and it becomes fixed though the above relation once we know other parameters like
Mρ1 , Mρ2 and θD. This is a consequence of that, the 2×2 and 3×3 elements of the dark sector
mixing matrix M2DM are identical. From the symmetry argument this can be understood as
follows. The splitting between the coefficients of φ0
2
(∝ 2 × 2 element of M2DM) and a02 (∝
3 × 3 element of M2DM) of a Z2-odd doublet Φ is obtained from a term like (H†Φ)2 (usual λ5
term in the Inert Doublet Model [102]), which is forbidden here by the U(1)Lµ−Lτ symmetry
invariance. Additionally, in the dark sector we also have a charged scalar φ± and its mass term
is given by
Mφ± =
√
M2ρ3 −
1
2
v21λ3 . (23)
Let us now find out the effects of the extra U(1)Lµ−Lτ local gauge symmetry on the gauge
sector and generate the physical states of the gauge bosons with their proper mass terms. In
the Eq. (3), Bˆα and Xˆα are denoted as gauge fields corresponding to gauge groups U(1)Y and
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U(1)Lµ−Lτ respectively. As mentioned earlier, the kinetic terms for the two U(1) gauge fields
with hat notation are not diagonal and it is clearly evident from the presence of a mixing
term between two U(1) gauge fields proportional . The kinetic mixing parameters is severely
constrained from the electroweak precision data (sensitive mainly in the low mass regime of
the extra gauge boson) [116, 117] and also from di-lepton searches at the LHC (for relatively
high mass regime i.e., few hundred GeV to few TeV range). Now, one can perform a basis
transformation from “hat” states to “un-hat” states, due to which the off-diagonal kinetic term
vanishes. This can be achieved by applying a following transformation6,(
Bα
Xα
)
=
(
1 −
0
√
1− 2
)(
Bˆα
Xˆα
)
, (24)
and since experiment dictates  1, therefore using the approximation O(2) ≈ 0 we have
Bˆα ' Bα + Xα and Xˆα ' Xα . (25)
After the occurrence of both electroweak symmetry breaking (EWSB)7 and Lµ − Lτ breaking
by the VEVs of the neutral components of H and η, we obtain a 3× 3 mass square matrix in
the basis of three neutral gauge bosons namely Wα3 , B
α, Xα using Eqs. (7-8, 25),
M2gauge =
 14g22v21 −14g2g1v21 −14g2g1v21−14g2g1v21 14g21v21 14g21v21
−1
4
g2g1v
2
1
1
4
g21v
2
1 g
2
Zµτ
v22
 . (26)
The above matrix has a special symmetry. If we rotate Wα3 and B
α by the Weinberg angle
tan θW =
g1
g2
, the matrixM2gauge reduces to a 2× 2 block diagonal structure with respect to an
intermediate state Zα ≡ cos θWWα3 − sin θWBα and Xα while the other orthogonal state i.e.
Aα = sin θWW
α
3 +cos θWB
α having zero mass eigenvalue becomes completely decoupled. This is
possible due to the special choice of the transformation matrix we have considered in Eq. (24).
Now, once we reduce a 3 × 3 matrix to a 2 × 2 block diagonal form, we already have made
our life very simple and next task is to perform another orthogonal transformation between
the states Zα and Xα to finally get the physical Z and Zµτ bosons. This is mathematically
demonstrated below for both mass matrix as well as eigenstates,
6 This transformation matrix is not a unique one. For a general 2 × 2 real matrix, we have four independent
elements. However, using c1 = c2 = 1 and c3 = 0, we have only three independent equations to solve for four
variables. Here, c1, c2 and c3 are coefficients of
1
4BµνB
µν , 14XµνX
µν and 2BµνX
µν respectively. Thus, one
can express three elements in terms of the fourth one and for each real value of that element, we will have a
different transformation matrix which eventually cancels the kinetic mixing term. For the particular matrix
that we have used here is obtained by setting 2× 1 element of the transformation matrix equal to zero. Such
a special choice easily reproduces all the phenomena of electromagnetism.
7 In the present scenario, after EWSB one can readily determine the mass of the W± gauge boson which is
exactly equal to that of the SM, i.e., MW =
1
2g2v1.
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M2gauge
O(θW)
====⇒
 14(g21 + g22)v21 0 − 4g1
√
g21 + g
2
2v
2
1
0 0 0
− 
4
g1
√
g21 + g
2
2v
2
1 0 g
2
Zµτ
v22
 O(θµτ )====⇒
MZ 0 00 0 0
0 0 MZµτ
 (27)
and Wα3Bα
Xα
 O(θW)T=====⇒
 Zα3Aα
Xα
 O(θµτ )T=====⇒
 ZαAα
Zαµτ
 , (28)
where, the masses of two massive neutral gauge bosons (Z and Zµτ ) are respectively given as
MZ =
√
g22(v
2
1 + v
2
2)
4
cos2 θµτ + g2Zµτv
2
2 sin
2 θµτ +
g1
√
(g21 + g
2
2)v
2
1
4
sin 2θµτ , (29)
MZµτ =
√
g22(v
2
1 + v
2
2)
4
sin2 θµτ + g2Zµτv
2
2 cos
2 θµτ − g1
√
(g21 + g
2
2)v
2
1
4
sin 2θµτ , (30)
and the two orthogonal transformation matrices are given by,
O(θW) =
 cos θW sin θW 0− sin θW cos θW 0
0 0 1
 , O(θµτ ) =
 cos θµτ 0 sin θµτ0 1 0
− sin θµτ 0 cos θµτ
 . (31)
Finally, the gauge basis and the mass basis of the neutral gauge bosons are related the following
orthogonal transformation  ZαAα
Zαµτ
 = O(θW, θµτ )T
Wα3Bα
Xα
 , (32)
with
O(θW, θµτ )T = O(θµτ )T O(θW)T
=
 cos θµτ cos θW − cos θµτ sin θµτ − sin θµτsin θW cos θW 0
sin θµτ cos θW − sin θµτ sin θW cos θµτ
 , (33)
where θW, as mentioned above, is the familiar Weinberg angle and θµτ is the mixing angle
between two neutral gauge bosons Z and Zµτ . These mixing angles can be expressed in terms
gauge coupling constants, VEVs and the kinetic mixing parameters as follows,
θW = tan
−1
(
g1
g2
)
, θµτ =
1
2
tan−1

2 g1√
g21 + g
2
2
1− 4g
2
Zµτ
g21 + g
2
2
v22
v21
 . (34)
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Before we proceed any further, it is worthwhile to mention about the independent parameters.
In this model, in addition to the SM parameters, we have fourteen new parameters in the
scalar sector (excluding SM-Like Higgs boson mass and VEV v1), three additional Yukawa like
coupling constants and one mass term in the extended quark sector8 and two more couplings
in the gauge sector in the form of new gauge coupling gZµτ and kinetic mixing parameter .
These twenty independent parameters are: MH2 , Mφ± , Mρ1 , Mρ2 , MZµτ , θD, θs, λΦ, λS, λ2,
λ4, λ5, λ6, λ7, f1, f2, f3, Mχ, gZµτ and θµτ . In terms of these independent parameters the
other parameters appearing in the Lagrangian (Eq. (2)) can be obtained using Eqs. (13-15),
Eqs. (18, 19), Eqs. (21, 23) and Eqs. (30, 34)9.
III. b→ s FLAVOUR OBSERVABLES
A. RK(∗) anomalies
In the present scenario the NP part of the effective Hamiltonian Heff(≡ HSMeff + HNPeff ) that
describes the b→ s`` transitions is given by
HNPeff = −
4GF√
2
VtbV
∗
ts
e2
16pi2
∑
`=e,µ
CNP9 ` (s¯γαPLb)(
¯`γα`) + CNP10 `(s¯γαPLb)(
¯`γαγ5`) + h.c. , (35)
where GF is the Fermi constant, Vij are the Cabibbo-Kobayashi-Maskawa (CKM) matrix ele-
ments. Here we neglect other dimension-six operators for example, C7 can not give significant
contributions to the processes, because it corresponds to the dipole operator that is strictly
constrained by branching ratio of B → Xsγ [118]. Also four-quark operators [119] cannot play
any significant role for the violation of LFU, hence they are irrelevant in this work. Moreover,
four-fermion contact interactions with scalar currents could be a natural source of LFU viola-
tion, although they are highly constrained by existing measurements of the Bs → µ+µ− and
Bs → e+e− branching ratios [120, 121]. The NP contribution to the WC CNP,`9 = C`9Z + C`9Zµτ
8 Here, we are not considering Yukawa like coupling constants and bare mass terms in the extended neutrino
sector.
9 Additionally, one needs to use minimization conditions of the scalar potential V (H, η, Φ, S).
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can be obtained from
C`9Z(Zµτ ) = −
√
2
16piαemGFVtbV ∗ts
L 9Z(Zµτ )
M2Z(Zµτ )
(
− GZ(Zµτ )f2f3
4
[
− 2 ln(m2χ)− 1 (36)
+hq(x1)(1− 2x1) sin2 θD + hq(x2)(1− 2x2) cos2 θD + hq(x3)(1− 2x3)
]
+
CZ(Zµτ )f2f3
4
[
{− ln(M2ρ1) + hw(x1, r1)} sin2 θD + {− ln(M2ρ2) + hw(x2, r2)} cos2 θD
]
− SZ(Zµτ )f2f3
4
[
{− ln(M2ρ1) + hs(x1)} sin2 θD + {− ln(M2ρ2) + hs(x2)} cos2 θD
+{− ln(M2ρ3) + hs(x3)}
])
,
while the NP contribution to the WC CNP,`10 = C
`
10Z + C
`
10Zµτ
is given by
C`10Z(Zµτ ) = −
√
2
16piαemGFVtbV ∗ts
L 10Z(Zµτ )
M2Z(Zµτ )
(
− GZ(Zµτ )f2f3
4
[
− 2 ln(m2χ)− 1 (37)
+hq(x1)(1− 2x1) sin2 θD + hq(x2)(1− 2x2) cos2 θD + hq(x3)(1− 2x3)
]
+
CZ(Zµτ )f2f3
4
[
{− ln(M2ρ1) + hw(x1, r1)} sin2 θD + {− ln(M2ρ2) + hw(x2, r2)} cos2 θD
]
− SZ(Zµτ )f2f3
4
[
{− ln(M2ρ1) + hs(x1)} sin2 θD + {− ln(M2ρ2) + hs(x2)} cos2 θD
+{− ln(M2ρ3) + hs(x3)}
])
,
although we have found that the contribution of CNP,`10 (` ≡ µ) is insignificant10 and we will
focus only on C`9Z(Zµτ ) (` ≡ µ) in rest of the analysis11. αem is the fine structure constant. Here
x1,2,3 =
M2χ
M2ρ1,2,3
and r1,2 =
M2ρ3−M2ρ1,2
M2ρ1,2
. The expressions of the factors gZ(Zµτ ), cZ(Zµτ ), sZ(Zµτ ),
L 9Z(Zµτ ), L
10
Z(Zµτ )
and the functions hq(x), hw(x, r), hs(x) are given in the Appendix A. In
Fig. 1 we have shown relevant Feynman diagrams responsible for the additional contribution
to the b → sµµ transition. It is clearly evident from these Feynman diagrams that the NP
contribution to the WC CNP,`9 is provided by the non-standard bottom like fermion field χ and
the dark matter candidate ρ1 with its partners ρ2 and ρ3. Later we provide the dark matter
phenomenology of a weakly interacting massive particle (WIMP) type dark matter candidate
ρ1 and related issues by considering the constraints of flavour physics observables that we
10 Due to this reason there is no significant NP contribution to the decay Bs → µ+µ−. Therefore, there is no
stringent constraint from the branching ratio of this process to our analysis.
11 Therefore, the present scenario can be considered as a typical scenario which can provide the NP contribution
to C`9 (` ≡ µ) only. Although, there is a NP contribution to Ce9 but practically it has no significance due
to very small mixing between Z and Zµτ . Hence, the coupling between Zµτ and e
+e− pair is effectively
vanishing in nature.
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Figure 1: Z and Zµτ -penguin and self-energy diagrams that contribute to the decay of b → sµµ in
addition to SM contribution.
have considered in this article. To ameliorate the tension between the SM prediction and
experimental data for RK(∗) we use C
NP,µ
9 ∈ [−1.26,−0.63] [27] in 2σ interval. For the purpose
of notational simplicity, from now and onwards, we use ∆C9 for the total NP contributions to
the WC C9 for ` = µ, i.e., C
NP,µ
9 = C
µ
9Z + C
µ
9Zµτ
= ∆C9.
In order to understand the dependence of ∆C9 on the model parameters we have shown the
variation of ∆C9 in Fig. 2. In this figure there are four panels which represent the variation
of ∆C9 with respect to four important parameters namely Mρ1 , Mχ, MZµτ and θD. In Fig. 2a,
we have shown the variation of ∆C9 with mass of ρ1 for three different values of the product
of Yukawa couplings f2 and f3. Here, one can see that the magnitude of ∆C9 increases with
decreasing values of mass of ρ1 which enters into loop diagrams (see Feynman diagrams shown
in Fig. 1). Consequently, the loop functions are enhanced which in turn increase the magnitude
of ∆C9. Moreover, as the NP contributions to the WC C9 (Eq. (36)) is proportional to Yukawa
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Figure 2: Variation of ∆C9 with respect to different parameters.
couplings f2 and f3, the magnitude of ∆C9 enhances with f2 × f3. This feature is also clearly
demonstrated in Fig. 2a. Similar to this plot, in Fig. 2b, we have illustrated the effect of Mχ on
∆C9 for the same three different values of f2 × f3. Here also we have found similar behaviour
of ∆C9 with respect to Mχ as we have observed for Mρ1 . Further, we have also displayed the
effect of non-standard gauge boson mass MZµτ on ∆C9 in Fig. 2c for three different values of
gauge coupling gZµτ = 0.93 × 10−3, 0.35 × 10−3 and 0.1 × 10−3 respectively. In this case, the
magnitude of ∆C9 decreases caused by the propagator suppression for larger values of MZµτ .
It is clearly seen from Eq. (36), where ∆C9 is inversely proportional to M
2
Zµτ
. On the other
hand, in this plot ∆C9 increases significantly with the gauge coupling gZµτ for the considered
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mass range of MZµτ (0.01 ≤ MZµτ (GeV) ≤ 0.1). Finally, in Fig. 2d we have demonstrated the
variation of ∆C9 with respect to the dark sector mixing angle θD for three different choices
of Mρ1 . In this plot, we have varied θD in range 0 to pi/2. The oscillatory behaviour of ∆C9
with respect to θD is due the combined effects of two factors. One is the direct involvement
of sine and cosine functions within the expressions of ∆C9. Another one is the indirect effect
due to the change of Mρ3 with θD, where the former undergoes a full oscillation between Mρ2
to Mρ1 via Eq. (22) when θD changes from 0 to pi. The morphology of ∆C9 with respect to θD
fits pretty well with a function like −A sin2 (2θD), where the exact value of the normalisation
constant A depends on the values of other parameters namely, Mρ1 , Mρ2 , gZµτ , MZµτ and Mχ.
Moreover, the oscillatory behaviour of ∆C9 vanishes if we set Mρ1 = Mρ2 . Under this condition,
the dependence of θD disappears from the expression of Mρ3 and consequently ∆C9 becomes
independent of θD. Furthermore, in all the four plots of Fig. 2, the grey coloured band represents
2σ range allowed range of fit value of ∆C9 for explaining RK(∗) anomalies [27].
B. B → Xsγ
The measurement of inclusive radiative B decay process like B → Xsγ has also been shown
deviation from the corresponding SM prediction. The world average experimental value of the
branching ratio of this process is [122]
BrExp(B → Xsγ) = (3.32± 0.16)× 10−4, (38)
for photon energy Eγ > 1.6 GeV in the B-meson rest frame. Under the same conditions the
corresponding SM prediction with higher order corrections is [123]
BrSM(B → Xsγ) = (3.36± 0.23)× 10−4. (39)
It is quite evident that the theoretical prediction is in good agreement with the experimental
value. Hence this small difference can tightly constrain any NP which contributes to this
process. Keeping this in mind we have evaluated the NP contributions to this decay process
in the present scenario. Consequently, we use the branching ratio of this process as one of the
constraints in our analysis.
At quark level B → Xsγ decay is indicated by b → sγ transition. The effective Hamiltonian
for this transition at the bottom quark mass (µb = mb) scale is given by (see ref. [124, 125])
Heff(b→ sγ) = −GF√
2
V ∗tsVtb
[
6∑
i=1
Ci(µb)Oi + C7γ(µb)O7γ + C8G(µb)O8G
]
. (40)
At first the WCs (Ci) have been calculated at electroweak scale (µW ) and using renormalisation
group (RG) equations [124–126] they are evolved down to µb = mb scale. The local operators
O1....O6 represent four quark interactions and the explicit form of these operators can be found
in [127]. The remaining operators O7γ (electromagnetic dipole) and O8G (chromomagnetic
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dipole) which are the most important for this decay and the expressions for these operators at
the leading order are given by
O7γ = e
8pi2
mbs¯α′σ
αβ(1 + γ5)b
α′Fαβ, O8G = gs
8pi2
mbs¯
α′σαβ(1 + γ5)Λ
a
α′β′b
β′Gaαβ , (41)
with σαβ = i
2
[γα, γβ]. The expressions of the WCs at µb scale is given by
C
(0)eff
7γ (µb) = η
16
23C
(0)
7γ (µW ) +
8
3
(
η
14
23 − η 1623
)
C
(0)
8G(µW ) + C
(0)
2 (µW )
8∑
i=1
hiη
ai , (42)
C
(0)eff
8G (µb) = η
14
23C
(0)
8G(µW ) + C
(0)
2 (µW )
8∑
i=1
h¯iη
ai , (43)
with
η =
αs(µW )
αs(µb)
, αs(µb) =
αs(MZ)
1− β0 αs(Mz)2pi ln(MZ/µb)
, β0 =
23
3
, (44)
and
C
(0)
2 (µW ) = 1, (45)
C
(0)
7γ (µW ) = −
1
2
D′(xt, x1, x2, x3) = −1
2
{(D′0(xt) +D′(x1, x2, x3)}, (46)
C
(0)
8G(µW ) = −
1
2
E ′(xt, x1, x2, x3) = −1
2
{(E ′0(xt) + E ′(x1, x2, x3)}. (47)
Apart from these other WCs vanish at the electroweak scale µW . The superscript “0” indi-
cates the leading logarithmic (LO) approximation. The values of ai, hi and h¯i can be ob-
tained from [126]. The total (SM+NP) contribution at the LO is represented by the functions
D′(xt, x1, x2, x3) and E ′(xt, x1, x2, x3) while the functions D′0(xt) and E
′
0(xt) are designated as
the corresponding SM contributions at the electroweak scale [128]
D′0(xt) = −
(8x3t + 5x
2
t − 7xt)
12(1− xt)3 +
x2t (2− 3xt)
2(1− xt)4 lnxt , (48)
E ′0(xt) = −
(x3t − 5x2t − 2xt)
4(1− xt)3 +
3
2
x2t
(1− xt)4 lnxt , (49)
with xt ≡ m
2
t
M2W
. The functions corresponding to electromagnetic and chromomagnetic dipole
operators due to the NP particles (generated form Fig. 3) are given in the following respectively
D′(x1, x2, x3) = −
√
2
GFV ∗tbVts
f2f3
8
1
3
(
sin2 θD
M2ρ1
hb(x1) +
cos2 θD
M2ρ2
hb(x2) +
1
M2ρ3
hb(x3)
)
, (50)
E ′(x1, x2, x3) =
√
2
GFV ∗tbVts
f2f3
8
(
sin2 θD
M2ρ1
hb(x1) +
cos2 θD
M2ρ2
hb(x2) +
1
M2ρ3
hb(x3)
)
, (51)
(52)
while the function hb(x) is given in the Appendix A.
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Figure 3: The possible electromagnetic and chromomagnetic penguin diagrams that are contributed
to the decay B → Xsγ in addition to the SM.
In SM the branching ratio of B → Xsγ has been estimated at a very high level of accuracy
including higher order QED and QCD corrections. For example in refs. [129, 130] one can find
the full next-to leading order (NLO) QCD and QED corrections for this process in two different
ways. The present precision level of experimental data requires that one should also include
next-to-next-to leading order (NNLO) QCD corrections in this analysis. In this regard the first
effort to measure NNLO QCD corrections for this process in SM was described in ref. [131].
Finally in a recent article [123] one can find an updated and more complete NNLO QCD
corrections to this process. Using the [123] one can calculate the branching ratio of B → Xsγ
incorporating NNLO QCD corrections in NP scenario. Therefore, in the current article we also
follow the same approach12 (as given in [123]) to measure NP contribution for this process with
NNLO QCD corrections
BrNNLO(B → Xsγ)× 104 = (3.36± 0.23)− 8.22∆C7 − 1.99∆C8. (53)
Here ∆C7 and ∆C8 represent for the NP contributions to WCs for electromagnetic and
chromomagnetic dipole operators. In our convention, ∆C7 = −12D′(x1, x2, x3) and ∆C8 =
−1
2
E ′(x1, x2, x3).
12 This approach has also been used in the context of other BSM scenarios to measure the NP effects for this
process: for example for nonminimal universal extra dimensional model [132] and for two higgs doublet model
[133].
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IV. (g − 2)µ ANOMALY
Using Dirac equation one can define the magnetic moment ~M of muon in terms of its spin ~S
and gyromagnetic ratio (gµ) in the following way
~M = gµ
e
2mµ
~S, (54)
which is one of the most accurately measured physical quantities. Ideally the value of gµ is
equal to “2”. In SM one can easily calculate the one loop correction to this quantity and that
gives marginal shift from “2”. Hence, to measure the deviation of gµ from its tree level value
one can define a quantity namely
aµ =
gµ − 2
2
. (55)
This quantity has been precisely measured by the CERN experiments and later on by the E821
experiment. The current average experimental value is [12]
aexpµ = 116592091.0± 54± 33× 10−11 . (56)
On the other hand total theoretical prediction of this quantity considering all kinds of source
of contributions in SM is [12]
athµ = 116591823.1± 34± 26× 10−11 . (57)
It is quite evident from the above Eqs. 56 and 57 that both the experimentally measured and
theoretically predicted values of aµ are close to each other, however there still exists some
disagreement between these two quantities at the 3.5σ significance which is [12],
∆aµ = a
exp
µ − aSMµ = 268± 63± 43× 10−11 . (58)
Therefore, this anomaly with respect to the SM expectation requires the interference of BSM
theories where one obtains extra contributions from some NP particles. In the present model13,
apart from the SM contribution, we have two additional one loop diagrams (see Fig. 4) in which
the extra neutral gauge boson Zµτ and extra CP-even scalar H2 are involved.
13 See Ref. [134] for a review on (g − 2)µ in various BSM extensions.
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Figure 4: Relevant penguin diagrams that are contributed to the (g − 2)µ in addition to the SM.
The additional contribution from Fig. 4a is given by [80, 135],
δaZµτµ =
1
8pi2
(
a2ZµτF
a
Zµτ (RZµτ )− b2ZµτF bZµτ (RZµτ )
)
(59)
with RZµτ ≡M2Zµτ/m2µ and
aZµτ =
g2
4 cos θW
(1− 4 sin2 θW ) sin θµτ −
(
gZµτ −
3
4
g2 sin θW 
cos θW
)
cos θµτ , (60)
bZµτ = −
g2
4 cos θW
(
sin θµτ − sin θW  cos θµτ
)
, (61)
F aZµτ (RZµτ ) =
∫ 1
0
dx
2x(1− x)2
(1− x)2 +RZµτx
, (62)
F bZµτ (RZµτ ) =
∫ 1
0
dx
2(1− x)(3 + x)
(1− x)2 +RZµτx
. (63)
Furthermore, the contribution from the extra CP-even scalar H2 is given by [136, 137]
δaH2µ =
GFm
2
µ
4pi2
√
2
sin2 θs RH2 FH2(RH2) , (64)
(65)
with RH2 ≡ m2µ/M2H2 and
FH2(RH2) =
∫ 1
0
dx
x2(2− x)
RH2x
2 − x+ 1 . (66)
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Figure 5: Allowed region in gZµτ −MZµτ plane which explains the deviation between theoretical (SM)
prediction and experimental result in 1σ (green coloured points) and 2σ (red coloured points) ranges
respectively.
However, we have checked that the contribution of CP-even scalar H2 is insignificant with
respect to Zµτ in the allowed parameter space.
In Fig. 5, we have shown the allowed region of MZµτ and gZµτ in gZµτ − MZµτ plane by red
coloured points, which can explain the discrepancy between theoretical prediction (SM) and
experimentally measurable value of the anomalous magnetic moment of muon in 2σ range.
The corresponding 1σ allowed region is also indicated by green coloured points. We will come
back to this parameter space (gZµτ − MZµτ plane) with a detailed analysis, which includes
constraints like dark matter relic density, direct detection, observables related to rare B-meson
decays (RK(∗) , Br(B → Xsγ)) and also bounds from ongoing and future experiments like CCFR,
LHC, DUNE, Borexino etc. in the next section (see Fig. 12 and related discussions).
V. DARK MATTER
We are in a stage, where we can discuss dark matter phenomenology. The scalar sector of the
present scenario contains two Z2-odd scalar representations, one of them is an SU(2)L doublet
Φ having a nonzero Lµ − Lτ charge while the rest is a gauge singlet scalar S. As we have seen
earlier in the Section II, the term proportional to λ8 in the scalar potential (Eq. 10) enforces
a mixing between the CP-even component φ0 of the doublet Φ and the singlet S. Therefore,
in the odd sector we have three physical neutral scalars namely, ρ1, ρ2 and ρ3, out of which
ρ1 and ρ2 are two mutually orthogonal linear combinations of S and φ
0 while ρ3 coincides
with the CP-odd component a0 as the latter does not have any mixing with others. Being
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Z2-odd, the lightest one among the neutral scalars ρ1, ρ2 and ρ3 is automatically stable and
can be an excellent dark matter candidate of the Universe. In this work, we consider ρ1 as the
potential dark matter candidate and depending upon the dark sector mixing angle θD, ρ1 will
be either “singlet-like” or “doublet-like” or a mixed state. Later in this Section, we will show
that although the combined effects of both dark matter relic density bound and flavour physics
anomalies (including (g−2)µ) considering in this work dictates that the dark matter candidate
ρ1 to be mostly a “single-like” state, its freeze-out process involves extra annihilation channels
involving Lµ − Lτ gauge boson Zµτ , making this scenario significantly different from the case
of standard Scalar Singlet dark matter [105–108].
The viability of the proposed dark matter candidate ρ1 has been investigated first by computing
its relic density14 ΩDMh
2. This requires comoving number density Y at the present epoch
(T = T0, T0 is the present temperature of the Universe), which is a solution of the Boltzmann
equation involving all relevant annihilation and co-annihilation processes in the collision term.
The Boltzmann equation in terms of Y is given by [138–140],
dY
dx
= −
(
45G
pi
)− 1
2 Mρ1
√
g?
x2
〈σv〉eff (Y 2 − (Y eq)2) , (67)
where Y =
∑
i Yi with Yi =
ni
s
being the comoving number density of Z2-odd particle i having
number density ni and s stands for the entropy density of the Universe. Moreover, x =
Mρ1
T
is
a dimensionless variable and G is the Newton’s gravitational constant. The function g? [138]
depends on degrees of freedom for entropy and energy densities of the Universe. The quantity
〈σv〉eff has been defined as [139]
〈σv〉eff =
∑
i j
〈σi jvi j〉 × ri rj , (68)
where, 〈σi jvi j〉 is the thermal averaged annihilation cross section between particle i and j
having relative velocity vi j. 〈σi jvi j〉 has the following expression in terms of cross section σi j,
〈σi jvi j〉 = 1
2M2i M
2
j T K2
(
Mi
T
)
K2
(
Mj
T
) × ∫ ∞
(Mi+Mj)2
σij p
2
ij
√
sK1
(√
s
T
)
ds ,
pij =
√
s− (Mi +Mj)2
√
s− (Mi −Mj)2
2
√
s
, (69)
with
ri =
Y eqi
Y
=
neqi
n
=
gi (1 + ∆i)
3/2 exp[−∆i x]∑
i gi (1 + ∆i)
3/2 exp[−∆i x]
, (70)
where, Ki is the i
th order Modified Bessel function of second kind and s is the Mandelstam
variable. Further, Y eqi and n
eq
i are the equilibrium values of Yi and ni respectively while n =
14 Here, DM represents the short form of dark matter.
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∑
i ni is the total number density of all the odd sector particles. This is the most relevant
quantity instead of individual nis, since all heavier particles, which survive annihilation, will
eventually decay into the LOP (ρ1). This is the actual reason of expressing the Boltzmann
equation in terms of total comoving number density Y instead of individual Yis. In the above,
∆i =
Mi −Mρ1
Mρ1
, represents the mass splitting between LOP and other heavier Z2-odd particles.
After implementation of the present model in FeynRules [141] we have solved Boltzmann
equation at T = T0 using micrOMEGAs [142]. Finally, we have obtained Y (T0) which is related
to the relic density of LOP through the following relation [140]
ΩDMh
2 = 2.755× 108
(
Mρ1
GeV
)
Y (T0) . (71)
Relic density ΩDMh
2 of dark matter has been measured precisely by satellite borne experiments
like Planck and WMAP and its present acceptable range is 0.1172 ≤ ΩDMh2 ≤ 0.1226 at 67%
confidence level (C.L.) [4]. Apart from this, one has to take into account the latest bound on
ρ1 ρ1
N N
H1, H2
Figure 6: Feynman diagram for the elastic scattering of ρ1 with nucleon N through the exchange of
scalar bosons H1 and H2.
dark matter nucleon scattering cross section from the “ton-scale” direct detection experiment
namely XENON1T [109], which till now provides the most stringent upper bound on dark
matter nucleon spin independent scattering cross section (σSI) for dark matter mass ranging
from 6 GeV to 1 TeV. Since the dark matter candidate of the present scenario is a scalar, it
has only spin independent scattering with nucleon and such scattering is possible only though
scalar bosons H1 and H2. Feynman diagrams of such elastic scattering ρ1 + N → ρ1 + N are
shown in Fig. 6. The corresponding expression of σSI is given by
σSI =
µ2red
4pi
[
MN fN
Mρ1 v1
(
gH1ρ1ρ1
M2H1
+
gH2ρ1ρ1
M2H2
)]2
, (72)
where gH1(H2)ρ1ρ1 is the coupling betweenH1(H2) and a pair of ρ1. Expressions of these couplings
are listed in Appendix B. Moreover, fN and MN are nuclear form factor and nucleon mass
respectively. For dark matter scattering mediated by scalars fN ∼ 0.3 [108]. We already know
that non-observation of any dark matter signal at direct detection experiments impose severe
upper bound on σSI with respect to dark matter mass. From, the above expression of σSI, it can
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be seen clearly that such exclusion limit on σSI in turn puts an upper bound on the involved
couplings like gH1ρ1ρ1 and gH2ρ1ρ1 .
Moreover, SM Higgs to ρ1ρ1 coupling for MH1 > 2Mρ1 case is also constrained from the
maximum allowed limit of Higgs invisible decay width . At present, the upper limit on invisible
branching fraction of the SM Higgs boson is 0.24 at 95% C.L. [110]. In the present model, the
SM like Higgs boson in addition to its “standard decay modes”, can also decay into ZµτZµτ ,
ZZµτ , ρ1ρ1 and ρ1ρ2 final states
15. Decay widths of such processes are given below,
ΓH1→ZµτZµτ =
g2H1ZµτZµτ M
3
H1
128piM4Zµτ
(
12
M4Zµτ
M4H1
− 4M
2
Zµτ
M2H1
+ 1
)√
1− 4M
2
Zµτ
M2H1
, (73)
ΓH1→ZZµτ =
g2H1ZZµτ
64 piMH1
8 +
(
M2H1 −M2Zµτ −M2Z
)2
M2ZM
2
Zµτ

√
1−
(
MZ +MZµτ
MH1
)2
×
√
1−
(
MZ −MZµτ
MH1
)2
, (74)
ΓH1→ρ1ρ1 =
g2H1ρ1ρ1
32 piMH1
√
1− 4M
2
ρ1
M2H1
, (75)
ΓH1→ρ1ρ2 =
g2H1ρ1ρ2
16 piMH1
√
1−
(
Mρ1 +Mρ2
MH1
)2√
1−
(
Mρ2 −Mρ1
MH1
)2
, (76)
and
ΓInvH1 = ΓH1→ZµτZµτ + ΓH1→ZZµτ + ΓH1→ρ1ρ2 + ΓH1→ρ1ρ1 . (77)
Expressions of all the coupling involved in the above decay widths are given in Appendix B.
According to the latest results from LHC, ΓInvH1 ≤ 0.24 ΓSMHiggs, where ΓSMHiggs = 4.13 MeV, is total
decay width of the SM Higgs boson [143].
The dark matter candidate (ρ1) of the present scenario is a thermal WIMP, which remains in
equilibrium with the thermal bath until its freeze-out though annihilations and co-annihilations
into various final states allowed by the symmetries of the model. In this work, we have con-
sidered Mρ1 between 10 GeV to 1 TeV. For low dark matter masses (i.e. Mρ1 < 100 GeV),
ρ1 predominantly annihilates into a pair of Zµτ . In some cases, depending upon the relevant
couplings, bb¯, cc¯ and τ τ¯ final states are also possible. Moreover, co-annihilations among the
Z2-odd particles in the low mass regime are insignificant as we have considered all heavier
Z2-odd particles masses larger than 100 GeV throughout this analysis to evade experimen-
tal bounds [104]. Alternatively, for the heavier mass range of ρ1, there are various possi-
bilities. First of all depending upon the mass splitting between ρ1 and other Z2-odd par-
ticles (parametrised by a quantity ∆i, defined earlier) there can either be annihilation or
15 In this work, we are focusing on low mass Zµτ (∼ 1 MeV−100 MeV) to address (g − 2)µ anomaly.
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Figure 7: Feynman diagrams of dark matter annihilation channels contributing significantly to the
freeze-out process.
co-annihilations. In the former case, depending on the values of the associated couplings
ρ1ρ1 → ZµτZµτ , ZZµτ , H2H2, H1H1, H1H2, W+W−, ZZ and tt¯ final states can be impor-
tant. On the other hand, co-annihilation plays a pivotal role during the freeze-out of ρ1 when
26
ρ2
ρ1
H1
H1
ρ2
ρ1
H1, H2
H1
H1
ρ2 H1
ρ1 H1
ρ1, ρ2
ρ2
ρ1
ρ1, ρ2
H1
H1
ρ2
ρ2
H1
H1
ρ2
ρ2
H1, H2
H1
H1
ρ2 H1
ρ2 H1
ρ1, ρ2
ρ2
ρ2
ρ1, ρ2
H1
H1
ρ3
ρ3
H1
H1
ρ3
ρ3
H1, H2
H1
H1
ρ3 H1
ρ3 H1
ρ3
ρ3
ρ3
ρ3
H1
H1
φ−
φ+
W−
W+
φ−
φ+
H1, H2
W−
W+
φ−
φ+
γ, Z, Zµτ
W−
W+
φ− W−
φ+ W+
ρ1, ρ2, ρ3
φ−
φ+
γ, Z
γ, Z
φ−
φ+
H1, H2
Z
Z
φ− γ, Z
φ+ γ, Z
φ−
φ−
φ+
φ−
γ, Z
γ, Z
φ−
φ+
Z
γ
φ− Z
φ+ γ
φ−
φ− γ
φ+ Z
φ−
Figure 8: Co-annihilation channels contributing to the relic density of ρ1 in the high mass region.
∆i ≤ 0.2 [139] for any Z2-odd particle i (i = ρ2, ρ3, φ±). In this circumstances, various co-
annihilations among these dark sector particles like ρ1ρ2 → H1H1, ρiρi → H1H1 (i = 1 − 3),
φ+φ− → W+W−, γγ, γZ, ZZ etc. become predominant. Feynman diagrams of all significant
annihilation and co-annihilation channels are shown in Figs. 7 and 8 respectively.
In Fig.9, we have plotted spin independent scattering cross section σSI of ρ1 with its mass Mρ1 ,
varying between 10 GeV to 1 TeV. In this plot all red coloured points satisfy relic density
constraint i.e., 0.1172 ≤ ΩDMh2 ≤ 0.1226 and bound related to Higgs invisible decay modes as
well. The blue dashed-dot line represents the latest bound on σSI from XENON1T experiment.
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Figure 9: Allowed parameter space in σSI vsMρ1 plane subject to various experiments bounds indicated
in the legend.
All the parameter space below the blue dashed-dot line are still allowed and can be probed
in near future by “multi-ton-scale” direct detection experiments like XENONnT. Therefore, if
we consider direct constrains like relic density, direct detection and Higgs invisible decay only,
there are still enough parameter space left (although few portion mostly in the low mass dark
matter regime have already been ruled-out) for the entire considered mass range of ρ1. However,
the situation does not remain same when one tries to explain flavour physics anomalies and
(g − 2)µ anomaly within this framework. The allowed parameter space in σSI − Mρ1 plane
gets severely restricted when we impose bound on the NP contribution to the WC C9 (i.e.
−1.26 ≤ ∆C9 ≤ −0.63 in 2σ range [27]) to explain RK(∗) anomalies. This has been indicated
by green coloured points in the above plot where one can notice that the low dark matter mass
regime (i.e. Mρ1 <∼ 100 GeV) is the most favourable to address RK(∗) anomalies. This can be
understood from the behaviour of ∆C9 (Eq. (36)) with respect to the mass of ρ1 as illustrated in
Fig. 2a, where the magnitude of ∆C9 sharply decreases with the increase of Mρ1 . Furthermore,
in this framework, we have also tried to explain both Br(B → Xsγ) and (g − 2)µ anomaly,
the two long-standing anomalies of the SM from their experimental counterparts. These are
indicated by cyan and yellow coloured points respectively in σSI−Mρ1 plane. For the branching
ratio of B → Xsγ, we have used 3σ (2.84 ≤ Br(B → Xsγ) × 104 ≤ 3.80 [122]) while the 2σ
band i.e. 115.44 ≤ ∆aµ × 109 ≤ 420.56 [12] for (g − 2)µ has been taken into account16. We
16 Here we would like to mention that, another constraint e.g., B0s − B¯0s mixing which could be relevant for the
present scenario. However, NP contributions to the B0s − B¯0s mixing arise from the present scenario via box
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Figure 10: Left(Right) panel: Allowed region in Mρ2−Mρ1(θD−Mρ1) plane from various experimental
results considered in this work.
have checked that in the low dark matter mass region (Mρ1 ≤ 100 GeV), ρ1 predominantly
annihilates into the Zµτ pair. This actually makes dark matter physics strongly correlated with
the physics of rare B-decays and anomalous magnetic moment of µ, where the role of new
gauge boson Zµτ is extremely crucial. Moreover, it also helps us to evade the strong bound
coming from the experiments of direct detection [109], indirect detection [145] and also from
the collider on Higgs invisible branching [110] for the low mass scalar dark matter [146–148],
where bb¯ final state is the principal annihilation channel. Therefore, in spite of being a gauge
singlet Z2-odd scalar field, the mixing with another Z2-odd field (part of an SU(2)L doublet)
having nonzero Lµ − Lτ charge, makes the entire dynamics of our dark matter candidate ρ1
strikingly different from the standard Scalar Singlet dark matter scenario [105–108]. Finally,
for the completeness we would like to mention here that the yellow coloured points in σSI−Mρ1
plane are those which satisfy all the experimental results we have considered in this work.
In the left panel of Fig. 10, we have shown ranges of Mρ1 and Mρ2 allowed by various experi-
mental results. The allowed region in Mρ2 −Mρ1 plane from both relic density as well as direct
detection bounds are indicated by the green coloured points. Similar to the previous plot in
diagrams and these are negligibly small. The reason is that, apart from the dark matter particle, all non-
standard particles which generate box diagrams are sufficiently massive (especially the non-standard fermion
χ, whose mass that we have taken ≥ 1 TeV throughout the analysis). At this point it is relevant to mention
that, from the recent 13 TeV LHC data [144], a down-type quark (B) with charge (-1/3) is excluded for masses
below 1.22 TeV for the decay channels B → Zb/Wt/SM Higgs b. However, this bound is not applicable in
our case, as in our model the field χ is odd under Z2 symmetry, therefore such decays are restricted by the
Z2 symmetry. Although, for the sake of conservative approach we use Mχ ≥ 1 TeV in our analysis. Hence,
the loop functions are substantially suppressed. Consequently, the NP contribution to B0s − B¯0s mixing would
not put any stringent constraint in our scenario.
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Fig. 9, here also when we have imposed various flavour physics constraints, the allowed param-
eter space shrinks to a smaller region concentrated mainly in the low mass regime of ρ1. The
parameter space which reproduces ∆C9 in 2σ range for explaining RK(∗) anomalies has been
shown by the blue coloured points. On the other hand, the red coloured points are indicating
those values of Mρ1 and Mρ2 which in addition to above mentioned experimental results also
satisfy Br(B → Xsγ) in 3σ range. Moreover, as we have already known that the dark matter
candidate ρ1 is an admixture of a real scalar singlet S and a CP-even neutral component (φ
0) of
a doublet Φ. While both S and Φ are Z2-odd but only Φ has nonzero Lµ−Lτ charge. Therefore,
the interaction of ρ1 with Lµ−Lτ gauge boson Zµτ (e.g. annihilation of ρ1 into a pair of Zµτ ) is
governed by the mixing angle θD. Larger the mixing angle, larger is the annihilation rate into
ZµτZµτ final state, making ρ1 less abundant at the present epoch. Therefore, the relic density
bound puts an upper limit on the maximum allowed value of θD, which is more stringent in
the low dark matter mass region where ZµτZµτ is the principal annihilation mode. This feature
is clearly visible in the right panel of Fig. 10, where we have shown the allowed range of θD
with respect to Mρ1 . However, in the high mass regime (Mρ1 ≥ 500 GeV), large values of
θD >∼ 0.3 rad are still allowed because for such large θD, ρ1 is mostly an SU(2)L doublet like
state (similar to the Inert Doublet dark matter in high mass range [148–150]) which attains the
present abundance of dark matter through co-annihilations with other Z2-odd fields into various
bosonic final states (both vector and scalar). Moreover, we have also seen from the Fig. 9 that
the magnitude of ∆C9 (Eq. (36)) decreases with the increasing values of masses of the particles
ρ1, ρ2 and ρ3 involving within b→ s transition loops. Now, although the masses of ρ1 and ρ2 are
indeed free parameters of the present model, the mass of the remaining scalar ρ3 becomes fixed
for a particular choice of Mρ1 Mρ2 and θD via Eq. (22). Here, Mρ3 actually oscillates between
Mρ2 and Mρ1 as we vary θD from 0 to pi/2. As we are working in the limit Mρ1 < Mρ2 (since
ρ1 is our dark matter candidate), large θD ensures low mass for ρ3 (using Eq. (22)) and hence
enlarge loop contribution to ∆C9. Thus, RK(∗) anomalies prefer larger values of θD, which is a
contrasting situation compared to the low mass regime of ρ1, where relic density bound favours
relatively smaller values of mixing angle to suppress large annihilation into ZµτZµτ . As a result,
both dark matter relic density bound and RK(∗) anomalies are simultaneously addressable for
0.01 < θD (rad) < 0.3, when Mρ1 is mostly concentrated below 100 GeV range. This has been
demonstrated by the blue coloured points in θD −Mρ1 plane. Similar to the left panel, here
also red colour points represent the portion in the parameter space which has been satisfied by
the constraint of Br(B → Xsγ) as well.
Since, the allowed values of θD which satisfy all the experimental results considered in this work
fall in the range 0.01 < θD (rad) < 0.3 (red coloured points in the right panel of Fig. 10), this
makes Mρ2 and Mρ3 almost degenerate and this has been demonstrated in Fig. 11, where the
colour bar is indicating corresponding values of mass of the dark matter candidate ρ1.
Finally, in Fig. 12 we have shown our results in gµτ−MZµτ plane, which is at the present moment
extremely constrained by various experimental results. In this figure (Fig. 12), the red coloured
points represent those values of gµτ and MZµτ which explain (g − 2)µ in 2σ range. Here, in the
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Figure 11: Allowed values of Mρ2 and Mρ3 satisfying all the considered experimental constraints.
Degeneracy between Mρ2 and Mρ3 is indicating the fact that low values of θD (0.01 < θD (rad) < 0.3)
are only allowed while dark matter mass Mρ1 lies below 100 GeV (shown in colour code).
gµτ −Mµτ plane, most strongest constraint till now comes from neutrino trident production.
Neutrino trident production is a process of producing µ+µ− pair via neutrino scattering in the
Coulomb field of a target nucleus (N), i.e. νµ(νµ) +N → νµ(νµ) + µ+µ− +N . In the SM, this
process is possible via W± and Z bosons only. Moreover, if there exists any new neutral gauge
boson (similar to Zµτ in the present work) which couples to both muons and muon-neutrinos
then that gauge boson can also contribute significantly to the trident production cross section.
However, all the experimental collaborations namely, CCFR [111], CHARM-II [112] and NuTeV
[151] have measured neutrino trident events and their measured cross sections are in good
agreement with that of the SM prediction i.e.
σCCFR
σSM
= 0.82± 0.28, σCHARM−II
σSM
= 1.58± 0.57
and
σNuTeV
σSM
= 0.72+1.73−0.72 respectively. These results therefore put strong constraint in the mass-
coupling plane of the new gauge boson. In Fig. 12, the crossed region above the black dashed
line represents 95% C.L. upper bound [152] on gµτ as a function of MZµτ using neutrino trident
cross section measured by the CCFR collaboration17. Consequently, all the crossed regions
above black dashed line are excluded by neutrino trident production. Besides, there is a further
constraint from the measurement of the SM Z boson decay to 4µ final state at the LHC. This
17 Furthermore, it is clearly evident from the Fig. 12, that, due to the consideration of CCFR experimental data
we naturally incorporate the constraint of the branching ratio of τ → µντ ν¯µ. The reason is that the parameter
space (in gµτ −MZµτ plane) which describes all the concerned observables simultaneously does not overlap
with the portion that has already been ruled out from the branching ratio of τ → µντ ν¯µ [96]. Moreover, we
have explicitly checked that the NP contribution for the decay τ → µντ ν¯µ due to Zµτ is practically vanishing
in nature in the allowed parameter space of the present scenario.
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Figure 12: Current status of the gZµτ −MZµτ plane in the light of various experimental results. In this
plane we have shown the allowed regions satisfying bounds from Planck + XENON1T (cyan coloured
points), Planck + XENON1T + RK(∗) anomalies (green coloured points) and Planck + XENON1T +
RK(∗) anomalies + Br(B → Xsγ) (yellow coloured points) respectively. Moreover, red coloured points
are indicating those values of MZµτ and gZµτ which address (g−2)µ in 2σ range. In this plot, we have
also taken into account the invisible decay branching constraint of the SM-like Higgs boson H1.
has also been indicated by the grey region at the topmost corner of right side of this plot. Cyan
coloured points represent those values of gZµτ and MZµτ which satisfy bounds related to dark
matter physics namely, relic density, direct detection and Higgs invisible branching ratio. On
top of the existing dark matter constraints, the effects of flavour physics observables like RK(∗)
anomalies (2σ bound on ∆C9) and RK(∗) + Br(B → Xsγ) on the mass as well as the coupling of
Zµτ have been shown by green and yellow coloured points respectively. Therefore, from this plot
it can be easily seen that although maximum portions of gµτ −MZµτ plane have already been
excluded by the results of CCFR collaboration, there is still a small but interesting region left in
this parameter space which is 0.01 ≤MZµτ (GeV) ≤ 0.1 and 3×10−4 ≤ gµτ ≤ 10−3. This region
of the parameter space of the present model can address dark matter, (g − 2)µ anomaly, RK(∗)
anomalies and Br(B → Xsγ) simultaneously and more exciting thing is that this parameter
space can be probed within a few years by the DUNE experiment [153] measuring neutrino
trident events (shown by black dashed line) [154]. This will surely be the test of our model, at
least the benchmark points (if not the full model) in the low mass dark matter region which are
compatible to both dark matter and flavour physics issues. For completeness in Table III, we
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present three plausible benchmark points (BP1, BP2 and BP3) and corresponding numerical
values of several physical quantities of the present scenario.
Parameters/ BP1 BP2 BP3
Observables
Mρ1 (GeV) 14.499 26.515 36.767
Mρ2 (GeV) 478.254 506.009 450.276
Mρ3 (GeV) 475.201 503.742 449.255
Mφ± (GeV) 160.591 121.443 101.748
MH2 (GeV) 353.418 401.503 352.41
Mχ (GeV) 1107.840 1300.660 1087.52
MZµτ (GeV) 5.052× 10−2 7.577× 10−2 3.167× 10−2
v2 (GeV) 76.328 81.151 71.229
gZµτ 6.619× 10−4 9.339× 10−4 4.447× 10−4
tan θµτ 2.752× 10−6 1.637× 10−5 5.337× 10−6
tan θD 0.1135 9.511× 10−2 6.769× 10−2
tan θs 3.203× 10−4 9.893× 10−4 4.643× 10−3
λΦ 0.1 0.1 0.1
λS 0.1 0.1 0.1
λ2 9.520× 10−3 7.935× 10−2 2.360× 10−4
λ4 2.499× 10−3 9.691× 10−2 1.128× 10−3
λ5 9.236× 10−3 1.994× 10−4 1.066× 10−3
λ6 5.364× 10−4 1.835× 10−2 8.175× 10−4
λ7 4.724× 10−2 2.243× 10−3 2.599× 10−4
f2 × f3 1.657 2.533 3.228
ΩDMh
2 0.1218 0.1206 0.1213
σSI (cm
2) 5.480× 10−47 1.688× 10−47 1.076× 10−48
Br(ΓInvH1 ) 1.639× 10−4 1.954× 10−3 2.094× 10−2
∆C9 -0.973 -0.7578 -0.684
Br(B → Xsγ) 3.196× 10−4 3.173× 10−4 2.974× 10−4
∆aµ 218.495× 10−11 311.557× 10−11 129.438× 10−11
Table III: Viable benchmark points (BP1, BP2 and BP3) and corresponding numerical values of several
physical quantities of the present scenario.
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VI. NEUTRINO MASSES AND MIXINGS
In this section, we will discuss briefly about neutrino masses and mixings. It has now been
firmly established from the phenomena of neutrino oscillations that there exist two tiny mass
square differences between three neutrino mass eigenstates i.e. ∆m221 = 7.39
+0.21
−0.20 × 10−5 eV2,
18 and ∆m231 = 2.525
+0.033
−0.032(−2.512+0.034−0.032)× 10−3 eV2 for the normal(inverted) hierarchy [155] in
3σ range. This also indicates that to explain solar, atmospheric and rector neutrino anomalies
though three flavour neutrino oscillation we need at least two neutrino mass eigenstates having
nonzero masses corresponding to mass squared differences as mentioned above. Moreover, there
are also precise measurements of three intergenerational mixing angles namely the atmospheric
mixing angle (40.3
◦
(40.6
◦
) ≤ θ23 ≤ 52.4◦(52.5◦))19, the solar mixing angle (31.61◦ ≤ θ12 ≤
36.27
◦
) and the reactor mixing angle (8.22
◦
(8.27
◦
) ≤ θ13 ≤ 8.99◦(9.03◦)) [155]. The latter one
is the most recent entry in that list. In the present model, although we do not need any extra
fermionic degrees of freedom to cancel Lµ −Lτ anomaly which actually cancels between µ and
τ generations of charged leptons and corresponding neutrinos, one can still introduce three
right handed neutrinos NRi (i = e , µ, , τ) in an anomaly free manner, in the model, to address
neutrino masses and mixings via Type I seesaw mechanism. The Lagrangian for right handed
neutrinos are given in Eq. (4). The light neutrino mass matrix mν after spontaneous breaking
of both SU(2)L × U(1)Y and U(1)Lµ−Lτ symmetries has the following structure
mν = −MDMR−1MTD ,
=
1
2 p

y2eMµτ v
2
1 e
iξ −ye yµ yeτv
2
1 v2√
2
−ye yτ yeµv
2
1 v2√
2
−ye yµ yeτv
2
1 v2√
2
y2µ y
2
eτ v
2
1 v
2
2 e
−iξ
2Mµτ
yµ yτ v
2
1
2Mµτ
(MeeMµτ − p e−iξ)
−ye yτ yeµv
2
1 v2√
2
yµ yτ v
2
1
2Mµτ
(MeeMµτ − p e−iξ)
y2τ y
2
eµ v
2
1 v
2
2 e
−iξ
2Mµτ
 ,(78)
while the mass matrix for the heavy neutrinos coincides withMR. In the above, p = yeµ yeτ v22−
MeeMµτ e
iξ. Majorana mass matrix MR and Dirac mass matrix MD are given by,
MR =

Mee
v2√
2
yeµ
v2√
2
yeτ
v2√
2
yeµ 0 Mµτ e
iξ
v2√
2
yeτ Mµτ e
iξ 0

, MD =
v1√
2

ye 0 0
0 yµ 0
0 0 yτ
 . (79)
In the present case, due to Lµ−Lτ flavour symmetry, the Dirac mass matrix is exactly diagonal
while before U(1)Lµ−Lτ symmetry breaking only three elements (only two are independent) are
18 ∆m2ij is defined as m
2
i −m2j .
19 Where numbers without(within) brackets are for the normal(inverted) hierarchical scenario.
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there in the Majorana mass matrix MR. Only after symmetry breaking we get additional
elements proportional to v2. Therefore, Lµ − Lτ symmetry breaking plays a crucial role here
to get desire structure of mν matrix. Also, looking at both MD and MR matrices, one can
easily notice that there can only be one complex element. Phases of other elements can be
absorbed by redefining both SM leptons and right handed neutrinos. Now, one can calculate
mass eigenvalues and mixing angles of light neutrinos by diagonalising this mν matrix, which
is a complex symmetric matrix, indicating the Majorana nature of the light neutrinos. If
we consider, v2 ∼ 102 GeV (in the right ballpark to produce desired contribution to (g −
2)µ), 0.1 <∼ yeµ, yeτ <∼ 1.0 and 10 GeV <∼ Mee, Mµτ <∼1 TeV (100 GeV to TeV scale right
handed neutrinos) then we need Dirac couplings 10−7 <∼ ye, yµ, yτ <∼ 10−5 to reproduce neutrino
oscillation parameters. Detail analysis of mass matrix diagonalisation and comparison with
latest 3σ range of oscillation parameters have been done in Ref. [84]. Moreover, we would
like to mention here that although only two right handed neutrinos (NµR and N
τ
R) are sufficient
to make the present model anomaly free, such scenario is unable to reproduce all neutrino
oscillation parameters due to special flavour structure of the Dirac mass matrix.
VII. CONSTRAINT FROM DI-LEPTON RESONANCE SEARCH AT 13 TEV LHC
Depending on the mass ranges, the non-standard Z boson (which we designate as Zµτ in this
article) confronts constraints from collider searches. For example, if the mass of Zµτ is less then
SM Z boson then there exists some viable parameter region for the favorable kind among the
various NP models that exist in the literature. Furthermore, as the Zµτ has no direct coupling
with electron20, hence LEP searches cannot provide direct constraint on the light Zµτ . On the
other hand, the Tevatron [156, 157] and LHC [115, 158, 159] searches for Zµτ to di-lepton final
state only apply, however in this case MZµτ > 100 GeV. Moreover, only relevant limit to the
light Zµτ case obtained from the LHC searches at pp→ Z → 4µ[152]. At this point we remark
in passing that, in our present article even though in the low mass limit of Zµτ we have obtained
certain region of parameter space (depicted in Fig. 12) which has been satisfied by some flavour
physics data, dark matter constraints and (g−2)µ anomaly, however, cross section for a process
like pp→ Zµτ → `+`− in that region of parameter space is extremely tiny at the 13 TeV LHC.
On the other hand in the high mass region of Zµτ , the LHC searches put the tightest bound on
its mass (3 ∼ 5 TeV [115, 158, 159]) in the di-muon final states. Thus, in the present article we
use the exclusion data obtained by ATLAS collaboration [115] for a di-lepton resonance search
at the LHC experiment to constraint parameter space of the present scenario. In order to embed
this limit in the present scenario, we first implement the model using FeynRules [141]. Then
we generate the cross section for the process pp → Zµτ → `+`− using Madgraph5 [160] with
the default parton distribution functions NNPDF3.0 [161] at 13 TeV LHC21. Here `(≡ e, µ),
20 Only possible via Z-Zµτ mixing. Therefore, the interaction strength is insignificant.
21 Production of Zµτ at the LHC in the present model is possible due to the couplings of qiq¯iZµτ which are
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Figure 13: Using the non-observation of a resonant `+`− signal at the LHC running at 13 TeV, we have
depicted the exclusion plots at 95% C.L. in the MZµτ − gZµτ plane for four different values of Z-Zµτ
mixing angle θµτ . The region above a particular curve has been ruled out from the non-observation of
a resonant `+`− signal in the 13 TeV run of LHC by latest ATLAS data [115] considering mass range
[0.5, 5] TeV.
however, significant contribution has been generated from µ+µ− final state. Finally, for a
specific combination of coupling gZµτ and Z-Zµτ mixing angle θµτ we compare the theoretical
prediction of cross section for any particular value of mass (confined within the range [0.5, 5]
TeV) of Zµτ with the corresponding experimental data given by ATLAS collaboration [115].
In Fig. 13 we show the exclusion curves at 95% C.L. in the MZµτ − gZµτ plane for four different
values of Z-Zµτ mixing angle θµτ using the ATLAS data [115] for non-observation of a resonant
`+`− signal at the LHC running at 13 TeV with integrated luminosity 139 fb−1. In this case
the region above a particular curve has been ruled out at 95% C.L. from the non-observation
of a resonant `+`− signal in the 13 TeV run of LHC by ATLAS data [115]. If we focus on a
particular curve fixed by a particular value of mixing angle θµτ then we observe that for the
lower values of mass the coupling gZµτ rapidly falls with the increasing values of mass MZµτ .
This phenomena can be explained in the following way. In the lower mass range if we vary
the mass then the cross section does not fall rapidly as desired by the ATLAS data. Hence,
to acquire the proper cross section for a particular mass one should decrease the value of the
coupling gZµτ . Once the lower mass range is over then with the increasing values of mass the
generated via Z-Zµτ mixing.
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curve exactly replicates the exclusion plot as given in [115]. At this point, we would like to
mention another notable feature of the exclusion curves (which is true for all over the mass
range) that for a fixed value of mass if the mixing angle increases then to satisfy ATLAS data
[115] one requires decreasing values of coupling constant gZµτ . Furthermore, it is clearly evident
form the Fig. 13 that as the mixing angle θµτ increases large amount of area in the MZµτ − gZµτ
plane has been ruled out by the ATLAS data. Both of the features can be explained, if we
analyse the structure of the coupling22 between Zµτ and `
+`−. If we decompose the coupling
then we can find that there is one vectorial part and other is axial vectorial in nature. The
latter one has no significant role in the concerned process but totally controlled by the vectorial
part. We have also checked that, one can control the coupling (which in turn the vectorial part
of the coupling) that satisfy the exclusion data with lower values of mixing angle θµτ . However,
as the mixing increases then one looses the control over the coupling, i.e., there is no variation
of coupling with larger mixing angle. Therefore, with larger mixing angle one can not vary the
cross section properly, hence one can not have the required cross section for a particular mass.
For example, if the mixing is set at 4.5× 10−4 rad, then one can not go beyond 1500 GeV mass
of MZµτ . Since in this situation after 1500 GeV mass we can not have the desired cross section
by changing the value of gZµτ . Therefore, in order to translate the exclusion limit obtained by
ATLAS data [115] for non-observation of di-lepton resonance search at the LHC experiment in
our model we have restricted ourselves within the relatively smaller values of mixings angle θµτ .
VIII. CONCLUSIONS
In order to simultaneously resolving RK(∗) anomalies and dark matter enigma, we have proposed
a unified scenario by introducing an extra local U(1)Lµ−Lτ gauge symmetry to the Standard
Model. This U(1)Lµ−Lτ gauge symmetry provides a neutral non-standard gauge boson Zµτ
which has versatile effects on different phenomenological aspects that have been considered in
this article. For the purpose of breaking of the U(1)Lµ−Lτ symmetry spontaneously a complex
scalar field η has been invoked to the scalar sector in addition to the usual Standard Model Higgs
doublet H. Three singlet right handed neutrinos have also been introduced in order to explain
the observed oscillation data by incorporating neutrino masses and mixings via Type-I seesaw
mechanism. Furthermore, for the proper establishment of correlation between RK(∗) anomalies
and dark matter puzzle, a bottom quark like coloured fermion field χ has been included in
this scenario. This non-standard fermion field χ is transformed vectorially under the U(1)Lµ−Lτ
symmetry and further it is odd under the Z2 parity. Apart from these, an SU(2)L scalar doublet
Φ with nonzero U(1)Lµ−Lτ charge and a real scalar singlet S have also been incorporated in the
present scenario. Both of these non-standard scalar fields are odd under Z2 symmetry. The
mixing (which is parametrised by a mixing angle θD) between these two Z2-odd scalar fields
gives a potential dark matter candidate ρ1 and also two heavier Z2-odd physical particles ρ2
22 The relevant couplings have been given in Appendix B.
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and ρ3. All of these three scalar fields provide significant contributions not only in dark matter
phenomenology but also in rare B-meson decay processes.
Existence of lepton flavour universality violation in neutral current sector has been measured by
RK(∗) in which b→ s`+`− (` ≡ e, µ) transition is involved. This type of flavour changing neutral
current is highly suppressed in the Standard Model and therefore, even for a small deviation
between the experimental data and the Standard Model could play significant role for finding of
new physics effects. In this work, the introduced new physics particles have played crucial role
in the concerned b → s transition processes which are in general loop induced23. Particularly,
the dark matter particle ρ1 with two heavier Z2-odd neutral scalar fields ρ2, ρ3 and the non-
standard fermion χ generate extra loop contributions. Furthermore, the extra non-standard
gauge boson Zµτ behaves as a propagator (in addition to the SM Z boson) for the process
b→ s`+`−. Now, due to the very basic structure of our model, the process b→ sµ+µ− is more
favourable with respect to b → se+e−, consequently one obtains the significant non-standard
contribution to the Wilson coefficients CNP9 for “µ” but not for “e”. Therefore, in our work, we
have easily satisfied the current fit result for CNP,µ9 ∈ [−1.26,−0.63] in 2σ interval to explain
the RK(∗) anomalies and thereby we have constrained the parameter space of the proposed
scenario. On top of that, we have also calculated another rare decay process B → Xsγ which
has also been a class of processes that characterised by b → s transition. We have estimated
the branching ratio for B → Xsγ process, and have used the corresponding experimental data
within 3σ interval as one of the constraints in our analysis. Moreover, we have calculated
the contribution of non-standard gauge boson Zµτ to the (g − 2)µ and considering the recent
experimental data with some error bars (1σ and 2σ) we have further constrained the parameter
space allowed by dark matter and flavour physics observables.
In the present scenario, we have extensively studied the dark matter phenomenology by choosing
ρ1 as a WIMP type dark matter candidate. This ρ1 is an admixture of a real scalar singlet S and
the CP-even neutral component (φ0) of the doublet Φ. In our work, first we have calculated dark
matter relic abundance by considering all possible annihilation and co-annihilation channels
for a wide range (10 GeV ≤ 1 TeV) of the mass of ρ1. Thereafter, we have imposed necessary
constraints like Planck limit on relic density (0.1172 ≤ ΩDMh2 ≤ 0.1226), latest direct detection
bounds on σSI from XENON1T and also the bound on Higgs invisible branching ratio from
LHC to find the allowed parameter space. We have found that in the case of low mass region
(Mρ1 < 100 GeV), our dark matter candidate ρ1 predominantly annihilates into Zµτ pair
while co-annihilations among other Z2-odd particles are insignificant as we have considered all
heavier Z2-odd particles masses larger than 100 GeV throughout this analysis to respect the
experimental bounds form LEP collider. Due to this primary annihilation channel (ρ1ρ1 →
ZµτZµτ ), in spite of being a gauge singlet Z2-odd scalar field, the mixing with another Z2-odd
field (part of an SU(2)L doublet) having nonzero Lµ − Lτ charge, makes the entire dynamics
of our dark matter candidate ρ1 remarkably different from the standard Scalar Singlet dark
23 Apart from leptoquark scenarios where b→ s transition is possible at tree level.
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matter scenario where bb¯ final state is in general the principal annihilation channel and low
mass region has already been ruled out by direct detection, indirect detection and also by the
upper limit on Higgs invisible decay branching ratio. On the other hand for the higher values
of Mρ1 , depending upon the mass splitting between ρ1 and other Z2-odd particles several
annihilation or co-annihilation channels may appear and have contributed significantly to the
relic density. Since, one of our prime motivations of this article is to correlate dark matter
puzzle with some specific flavour physics anomalies associated with FCNC processes, therefore,
we have used experimental data of some flavour physics observables (e.g., RK(∗) anomalies
and Br(B → Xsγ)) as further constraints on the parameter space which is already allowed
by experiments related to dark matter physics. As a consequence, both the effects of RK(∗)
anomalies and dark matter phenomenology allow only a very restrictive values of dark sector
mixing angle θD which remains confined within a certain range (0.01< θD (rad) < 0.3) when
Mρ1 ≤ 100 GeV. This is a unique feature of our proposed model.
Additionally, we have used some other constraints which have been relevant to our present
scenario. For example, we have imposed constraint from neutrino trident production and for
that purpose we have used the CCFR experimental data which is currently the most stringent
one for the neutrino trident production process. Furthermore, we have imposed constraint from
the measurement of the Standard Model Z boson decay to 4µ final state at the LHC. As a
consequence there is a substantial amount of reduction in the parameters space due to the
inclusion of such constraints. However, there still exists a few portion of the parameter space of
the present model which can address dark matter, RK(∗) anomalies, (g− 2)µ and Br(B → Xsγ)
simultaneously. Most importantly our predicted parameter space and hence our model can be
tested within a few years by neutrino trident processes at DUNE. Therefore, in view of the
above discussion we can readily conclude that our proposed scenario can reasonably connect
the dark matter puzzle with some of the flavour physics anomalies. Besides, within the scope
of our proposed model, we have also briefly discussed the origin of neutrino masses and mixing
angles via Type-I seesaw mechanism, which is a common feature of most of the Lµ − Lτ models.
Finally, for the purpose of constraining the parameter space of the present scenario from the
LHC, we have used the latest ATLAS data of non-observation of a resonant `+`− signal at the
LHC running at 13 TeV with an integrated luminosity 139 fb−1. For this purpose we have
estimated the cross section for the process pp→ Zµτ → `+`− at the 13 TeV LHC for the mass
range MZµτ ∈ [0.5, 5] TeV in the present scenario. By comparing the theoretical predictions
of the cross section with corresponding ATLAS data of cross section for non-observation of
a resonant `+`− signal at the 13 TeV LHC one yields some specific combination of coupling
gZµτ and Z-Zµτ mixing angle θµτ . Consequently, with those combinations we have excluded
some portion of the parameter space of the present scenario at 95% C.L. From our analysis
it has been observed that, for a larger values of mixing angle one can exclude larger region of
parameter space in the MZµτ − gZµτ plane. For example if the mixing angle is 4.5 × 10−5 rad
then one can maximally exclude the region of parameter space in the MZµτ − gZµτ plane.
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Appendices
A. MULTIPLICATIVE FACTORS AND FUNCTIONS THAT ARE INVOLVED IN
FLAVOUR PHYSICS
L 9Z(Zµτ ) =
g2
4 cos θW
(
1− 4 sin2 θW
)
cos(sin)θµτ ±
(
gZµτ −
3
4
g2 sin θW 
cos θW
)
sin(cos)θµτ ,(A-1)
L 10Z(Zµτ ) = −
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z ln(x)
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B. COUPLINGS REQUIRED FOR DARK MATTER PHENOMENOLOGY,
FLVOUR PHYSICS OBSERVABLES AND LHC ANALYSIS
• Trilinear couplings of different SM fermions with Z(Zµτ ) gauge fields:
u¯iuiZ
α : i
g2γ
α
12 cos θW
[((
− 3 + 8 sin2 θW
)
cos θµτ + 5 sin θW sin θµτ
)
(B-10)
+
(
3 cos θµτ + 3 sin θW sin θµτ
)
γ5
]
u¯iuiZ
α
µτ : i
g2γ
α
12 cos θW
[((
− 3 + 8 sin2 θW
)
sin θµτ − 5 sin θW cos θµτ
)
(B-11)
+
(
3 sin θµτ − 3 sin θW cos θµτ
)
γ5
]
d¯idiZ
α : −i g2γ
α
12 cos θW
[((
− 3 + 4 sin2 θW
)
cos θµτ +  sin θW sin θµτ
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γ5
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d¯idiZ
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g2γ
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12 cos θW
[((
− 3 + 4 sin2 θW
)
sin θµτ −  sin θW cos θµτ
)
(B-13)
+
(
3 sin θµτ − 3 sin θW cos θµτ
)
γ5
]
In the above, i = 1, 2, 3.
e¯eZα : iγα
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]
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µ¯µZα : iγα
[(
g2
4 cos θW
(
1− 4 sin2 θW
)
cos θµτ +
(
gZµτ −
3
4
g2 sin θW 
cos θW
)
sin θµτ
)
(B-16)
−
(
g2
4 cos θW
(
cos θµτ +  sin θW sin θµτ
))
γ5
]
µ¯µZαµτ : iγ
α
[(
g2
4 cos θW
(
1− 4 sin2 θW
)
sin θµτ −
(
gZµτ −
3
4
g2 sin θW 
cos θW
)
cos θµτ
)
(B-17)
−
(
g2
4 cos θW
(
sin θµτ −  sin θW cos θµτ
))
γ5
]
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• Trilinear couplings of ρi (i ≡ 1, 2, 3) with H1 and H2 scalar fields:
ρ1ρ1H1 : i
(
2 cos2 θD
(
v1λ7 cos θs − v2λ6 sin θs
)
(B-18)
+
√
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))
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v1(λ2 + λ3 − 2λ7) sin θs + v2(λ4 − 2λ6) cos θs
))
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ρ3ρ3H1 : i
(
v1(λ2 + λ3) cos θs − v2λ4 sin θs
)
(B-24)
ρ3ρ3H2 : i
(
v1(λ2 + λ3) sin θs + v2λ4 cos θs
)
(B-25)
• Quartic couplings of ρi (i ≡ 1, 2, 3) with H1 scalar fields:
ρ1ρ1H1H1 : i
(
− 2
√
2λ8 cos θs sin θs cos θD sin θD (B-26)
+ cos2 θs
(
2λ7 cos
2 θD + (λ2 + λ3) sin
2 θD
)
+ sin2 θs
(
2λ6 cos
2 θD + λ4 sin
2 θD
))
ρ2ρ2H1H1 : i
(
2
√
2λ8 cos θs sin θs cos θD sin θD (B-27)
+ cos2 θs
(
2λ7 sin
2 θD + (λ2 + λ3) cos
2 θD
)
+ sin2 θs
(
2λ6 sin
2 θD + λ4 cos
2 θD
))
ρ1ρ2H1H1 : i
(
−
√
2λ8 cos θs sin θs cos 2θD + cos θD sin θD (B-28)(
(λ4 − 2λ6) sin2 θs + (λ2 + λ3 − 2λ7) cos2 θs
))
ρ3ρ3H1H1 : i
(
(λ2 + λ3) cos
2 θs + λ4 sin
2 θs
)
(B-29)
• Quartic couplings of ρi (i ≡ 1, 2, 3) with H2 scalar fields:
ρ1ρ1H2H2 : i
(
2
√
2λ8 cos θs sin θs cos θD sin θD (B-30)
+ sin2 θs
(
2λ7 cos
2 θD + (λ2 + λ3) sin
2 θD
)
+ cos2 θs
(
2λ6 cos
2 θD + λ4 sin
2 θD
))
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ρ2ρ2H2H2 : i
(
− 2
√
2λ8 cos θs sin θs cos θD sin θD (B-31)
+ sin2 θs
(
2λ7 sin
2 θD + (λ2 + λ3) cos
2 θD
)
+ cos2 θs
(
2λ6 sin
2 θD + λ4 cos
2 θD
))
ρ1ρ2H2H2 : i
(√
2λ8 cos θs sin θs cos 2θD + cos θD sin θD (B-32)(
(λ4 − 2λ6) cos2 θs + (λ2 + λ3 − 2λ7) sin2 θs
))
ρ3ρ3H2H2 : i
(
(λ2 + λ3) sin
2 θs + λ4 cos
2 θs
)
(B-33)
• Trilinear couplings between Z2 odd particles with gauge fields:
ρ1φ
±W∓α : ∓i e sin θD
2 sin θW
(p1 − p2)α (B-34)
ρ2φ
±W∓α : ∓i e cos θD
2 sin θW
(p1 − p2)α (B-35)
ρ3φ
±W∓α : − e
2 sin θW
(p1 − p2)α (B-36)
ρ1ρ3Z
α :
sin θD
2
(
e
2 sin θW cos θW
cos θµτ
(
2gZµτ + 
e
cos θW
)
sin θµτ
)
(p1 − p2)α (B-37)
ρ1ρ3Z
α
µτ :
sin θD
2
(
e
sin θW cos θW
sin θµτ −
(
2gZµτ + 
e
cos θW
)
cos θµτ
)
(p1 − p2)α(B-38)
ρ2ρ3Z
α :
cos θD
2
(
e
2 sin θW cos θW
cos θµτ
(
2gZµτ + 
e
cos θW
)
sin θµτ
)
(p1 − p2)α (B-39)
ρ2ρ3Z
α
µτ :
cos θD
2
(
e
sin θW cos θW
sin θµτ −
(
2gZµτ + 
e
cos θW
)
cos θµτ
)
(p1 − p2)α(B-40)
• Quartic couplings of dark matter with gauge fields:
ρ1ρ1W
+αW−β : i
e2 sin2 θD
2 sin2 θW
gαβ (B-41)
ρ1ρ1Z
αZβ : i
sin2 θD
2
((
2gZµτ sin θµτ +
e cos θµτ
cos θW sin θW
)
(B-42)
(
2
(
gZµτ + 
e
cos θW
)
sin θµτ +
e cos θµτ
cos θW sin θW
))
gαβ
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ρ1ρ1Z
α
µτZ
β
µτ : i
sin2 θD
2
((
2gZµτ cos θµτ −
e sin θµτ
cos θW sin θW
)
(B-43)
(
2
(
gZµτ + 
e
cos θW
)
cos θµτ − e sin θµτ
cos θW sin θW
))
gαβ
ρ1ρ1Z
α
µτZ
β : i
sin2 θD
2
(
e2 cos θµτ sin θµτ
cos2 θW sin
2 θW
(B-44)
− e
cos θW sin θW
(
2gZµτ + 
e
cos θW
)
cos 2θµτ
−2gZµτ
(
gZµτ + 
e
cos θW
)
sin 2θµτ
)
gαβ
• Trilinear couplings between Z2 odd charged particles with H1 and H2 scalar fields:
φ+φ−H1 : i
(
v1λ2 cos θs − v2λ4 sin θs
)
(B-45)
φ+φ−H2 : i
(
v1λ2 sin θs + v2λ4 cos θs
)
(B-46)
• Trilinear couplings between Z2 odd charged particles with gauge fields:
φ+φ−γα : −ie(p1 − p2)α (B-47)
φ+φ−Zα :
i
2
(
e cos 2θW
sin θW cos θW
cos θµτ −
(
2gZµτ + 
e
cos θW
)
sin θµτ
)
(p1 − p2)α (B-48)
φ+φ−Zαµτ :
i
2
(
e cos 2θW
sin θW cos θW
sin θµτ +
(
2gZµτ + 
e
cos θW
)
cos θµτ
)
(p1 − p2)α (B-49)
• Quartic couplings between Z2 odd charged particles with gauge fields:
φ+φ−W+αW−β : i
e2
2 sin2 θW
gαβ (B-50)
φ+φ−γαγβ : i2e2gαβ (B-51)
φ+φ−γαZβ : i
e
2
(
e cos 2θW
sin θW cos θW
cos θµτ −
(
2gZµτ + 
e
cos θW
)
sin θµτ
)
gαβ (B-52)
φ+φ−ZαZβ :
i
2
gαβ
(
e cos 2θW
sin θW cos θW
cos θµτ − 2gZµτ sin θµτ
)
(B-53)(
e cos 2θW
sin θW cos θW
cos θµτ −
(
2gZµτ + 
e
cos θW
)
sin θµτ
)
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• Trilinear couplings between CP-even scalar fields:
H1H1H1 : i
(
6v1λH cos
3 θs − 3λ1
(
cos2 θs sin θs − cos θs sin2 θs
)
− 6v2λη sin3 θs
)
(B-54)
H2H1H1 : i
(
v2λ1 cos
3 θs + 2v1(3λH − λ1) cos2 θs sin θs (B-55)
+2v2(3λη − λ1) cos θs sin2 θs + v1λ1 sin3 θs
)
• Trilinear couplings of CP-even scalar fields with gauge fields:
H1W
+αW−β : i
e2v1
2 sin2 θW
cos θsg
αβ (B-56)
H2W
+αW−β : i
e2v1
2 sin2 θW
sin θsg
αβ (B-57)
H1Z
αZβ : i
(
ev1
2 sin θW cos θW
cos θµτ
(
cos θµτ
e
sin θW cos θW
(B-58)
+2 sin θµτ 
e
cos θW
)
cos θs − 2g2Zµτv2 sin2 θµτ sin θs
)
gαβ
H2Z
αZβ : i
(
ev1
2 sin θW cos θW
cos θµτ
(
cos θµτ
e
sin θW cos θW
(B-59)
+2 sin θµτ 
e
cos θW
)
sin θs + 2g
2
Zµτv2 sin
2 θµτ cos θs
)
gαβ
H1Z
α
µτZ
β
µτ : i
(
ev1
2 sin θW cos θW
sin θµτ
(
sin θµτ
e
sin θW cos θW
(B-60)
−2 cos θµτ e
cos θW
)
cos θs − 2g2Zµτv2 cos2 θµτ sin θs
)
gαβ
H2Z
α
µτZ
β
µτ : i
(
ev1
2 sin θW cos θW
sin θµτ
(
sin θµτ
e
sin θW cos θW
(B-61)
−2 cos θµτ e
cos θW
)
sin θs + 2g
2
Zµτv2 cos
2 θµτ cos θs
)
gαβ
H1Z
αZβµτ : i
(
ev1
2 sin θW cos θW
(
sin 2θµτ
e
2 sin θW cos θW
(B-62)
− cos 2θµτ  e
cos θW
)
cos θs + g
2
Zµτv2 sin 2θµτ sin θs
)
gαβ
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H2Z
αZβµτ : i
(
ev1
2 sin θW cos θW
(
sin 2θµτ
e
2 sin θW cos θW
(B-63)
− cos 2θµτ e
cos θW
)
sin θs − g2Zµτv2 sin 2θµτ cos θs
)
gαβ
• Trilinear couplings between gauge fields:
γσW+αW−β : ie
(
gσα(p2 − p1)β + gσβ(p1 − p3)α + gβα(p3 − p2)σ
)
(B-64)
ZσW+αW−β : ie
cos θW cos θs
sin θW
(
gσα(p2 − p1)β + gσβ(p1 − p3)α + gβα(p3 − p2)σ
)
(B-65)
ZσµτW
+αW−β : ie
cos θW sin θs
sin θW
(
gσα(p2 − p1)β + gσβ(p1 − p3)α + gβα(p3 − p2)σ
)
(B-66)
• Trilinear couplings of CP-even fields scalar with different SM fermion fields:
H1cc¯ : −i e mc√
2 sin θWMW
cos θs (B-67)
H2cc¯ : −i e mc√
2 sin θWMW
sin θs (B-68)
H1tt¯ : −i e mt√
2 sin θWMW
cos θs (B-69)
H2tt¯ : −i e mt√
2 sin θWMW
sin θs (B-70)
H1bb¯ : −i e mb√
2 sin θWMW
cos θs (B-71)
H2bb¯ : −i e mb√
2 sin θWMW
sin θs (B-72)
H1τ
+τ− : −i e mτ√
2 sin θWMW
cos θs (B-73)
H2τ
+τ− : −i e mτ√
2 sin θWMW
sin θs (B-74)
• Trilinear couplings of χ with SM down-type quarks and ρi (i ≡ 1, 2, 3) field:
χ¯ρ1bj : −i fj
2
√
2
(1− γ5) sin θD, b¯jρ1χ : −i fj
2
√
2
(1 + γ5) sin θD (B-75)
χ¯ρ2bj : −i fj
2
√
2
(1− γ5) cos θD, b¯jρ2χ : −i fj
2
√
2
(1 + γ5) cos θD (B-76)
χ¯ρ3bj : − fj
2
√
2
(1− γ5), b¯jρ3χ : − fj
2
√
2
(1 + γ5) (B-77)
• Trilinear couplings of χ with Z(Zµτ ) gauge field:
χ¯χZα = −iγα
[
g2
3 cos θW
sin2 θW
(
cos θµτ +

sin θW
sin θµτ
)
+ gZµτ sin θµτ
]
(B-78)
χ¯χZαµτ = −iγα
[
g2
3 cos θW
sin2 θW
(
sin θµτ − 
sin θW
cos θµτ
)
− gZµτ cos θµτ
]
(B-79)
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